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ABSTRACT 
 
 Concrete confinement has been proven to be effective in increasing concrete strength and 
ductility, which are essential characteristics for structures prone to extreme loading events, such 
as earthquakes. There are mainly two types of lateral confinement techniques, namely, passive 
confinement and active confinement. Passive confinement, which is the more commonly used 
technique, is applied to concrete structures using internal transverse steel reinforcement (e.g. 
spirals, hoops, stirrups), external steel jackets or fiber reinforced polymer (FRP) jackets. Compared 
to passive confinement, active confinement, which involves prestressing of the concrete member 
in the transverse direction prior to the application of loading, is more effective in increasing the 
strength and flexural ductility of concrete elements. However, due to practical limitations related 
to high cost, extensive labor and excessive hardware requirement in prestressing conventional 
materials, the application of active confinement in practice is very limited. Andrawes and Shin 
(2008) first proposed the idea of using shape memory alloy (SMA) spirals to apply active 
confinement to concrete prior to loading without the need for mechanical prestressing and some 
research has been done on this topic in the past few years. Results so far show the promise of this 
new technique for seismic applications. However, more in depth investigation of this new 
confinement technique is in need to better understand concrete behavior under confinement 
provided by SMAs. This research aims at addressing five main issues related to this new 
confinement technique. These issues are: 1) the relatively high cost of the commonly used Ni-
based SMAs, which limits the widespread application of this new technique; 2) lack of knowledge 
related to the application of this new confinement technique to non-circular concrete sections; 3) 
lack of knowledge related to applying SMA confinement to newly constructed concrete columns 
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as transverse reinforcement; 4) limited knowledge about the stress-strain behavior of SMA 
confined concrete; 5) lack of analytical models that are able to predict three dimensional (3-D) 
behavior of concrete confined with SMA spirals.  
This research focused on addressing the previously stated knowledge gaps. First, to 
promote and facilitate the application of this novel confinement technique, the present research 
studied the characteristics of an unconventional, cost-effective type of SMAs, namely Fe-based 
SMAs, to explore their feasibility of being used in applying active confinement to concrete 
elements. Several tests were conducted to investigate the transformation temperatures of FeNiCoTi 
alloys under different heat treatment methods and prestrain schemes. A heat treatment method was 
proposed as a proper way to train the raw material to obtain noticeable shape memory effect. 
Recovery stress tests were conducted to explore the effect of heating method, heating rate and 
prestrain level on the recovery stress. Uniaxial tensile tests were conducted on specimens after 
stress recovery to investigate their passive cyclic stress-strain behaviors. Thermal cyclic tests were 
also conducted to investigate the recovery stress stability under temperature variations. 
Second, this research proposed an innovative method to implement SMA confinement in 
non-circular concrete sections and validated its efficacy by comparing it to conventional methods. 
Tests were carried out on SMA confined concrete prisms and their stress-strain behaviors were 
compared with those of concrete prisms confined with fiber reinforced polymer (FRP) jackets.  
Third, an experimental study on implementing SMA spirals as internal transverse 
reinforcement in newly constructed square concrete columns was carried out. In this experimental 
program, a short square concrete column was designed, constructed with internal longitudinal steel 
rebars and transverse SMA spirals. This column was tested under uniaxial cyclic compressive 
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loading. In addition, traditional transverse steel reinforced concrete columns were designed to have 
the same lateral confining pressure as the SMA reinforced counterpart for comparison. 
Lastly, a comprehensive experimental program was conducted on SMA confined concrete 
cylinders with different concrete strengths, spiral pitches, confining pressure values, loading types 
and loading protocols to explore their effects on the stress-strain behavior of SMA confined 
concrete. A plasticity model was derived and validated based on these concrete cylinders test 
results within the framework of Drucker-Prager plasticity model. Unlike existing models in the 
literature, this model is able to take into account the unique behavior of SMA confined concrete, 
which involves a combination of both active and passive confinement, and is capable of simulating 
the 3-D stresses of SMA confined concrete. 
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CHAPTER 1 INTRODUCTION 
 
1.1 PROBLEM DESCRIPTION 
 Typical plain concrete is characterized by a brittle behavior under uniaxial compressive 
stress. Lateral concrete confinement is commonly used to delay the failure of concrete and improve 
its ductility; a feature that is critically important for structures prone to extreme loads such as 
earthquakes. Many bridge failures that occurred in past earthquakes were due to the failure of one 
or more of the reinforced concrete (RC) columns, which in many cases was attributed to the 
insufficiency of concrete confinement. The pioneer work on concrete confinement carried out by 
Richart et al. (1928), which aimed at studying the concrete behavior under multi-axial stresses, 
demonstrated the effectiveness of lateral confinement on concrete behavior. This early research 
encouraged many researchers to explore the behavior of concrete under lateral confinement and to 
investigate different methods to apply lateral confining pressure in a practical and efficient manner. 
There are mainly two types of lateral confinement techniques, namely passive confinement and 
active confinement. Passive confinement, which is the more commonly used technique, is applied 
to concrete structures using internal transverse steel reinforcement (e.g. spirals, hoops, stirrups), 
external steel jackets or fiber reinforced polymer (FRP) jackets. Many studies focused on exploring 
the behavior of concrete confined by transverse reinforcement (Sheikh and Uzumeri 1982; Scott 
et al. 1982; Mander et al. 1988a, 1988b). More recently, many researchers were interested in 
investigating the behavior of concrete confined by FRP jackets (Mirmiran and Shahawy 1997; 
Fam and Rizkalla 2001; Harries and Kharel 2002; Jiang and Teng 2007; Yu et al. 2010a, 2010b). 
On the other hand, in the case of active confinement, the lateral confining pressure is applied to 
concrete prior to loading. Due to the initial confining pressure applied prior to loading, active 
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confinement can effectively delay the dilation of concrete and hence is more efficient in increasing 
concrete compressive strength and ultimate strain than passive confinement. Most of the studies 
on active confinement investigated the behavior of concrete using triaxial testing devices such as 
triaxial pressure vessel (Richart et al. 1928; Imran and Pantazopoulou 1996; Candappa et al. 2001). 
Researches on applying active confinement in structural concrete practically (Yamakawa et al. 
2004; Moghaddam et al. 2010) are much fewer than those on passive confinement. This is mainly 
due to practical limitations and challenges related to amount of labor, time, and cost associated 
with applying active confinement using conventional materials (e.g. steel or FRP).  
In order to make use of the effectiveness of active confinement, recently, some researchers 
started to consider using a type of smart materials—shape memory alloys, to obtain active 
confinement without the need for mechanical prestressing. Krstulovic-Opara and Naaman (2000) 
proposed embedding SMA fibers into cementitious material to develop a type of self-stressing 
composite that was able to apply prestressing force to structures. Later, Krstulovic-Opara and 
Thiedeman (2000) utilized this type of self-stressing composites to apply active confining pressure 
to concrete through increasing the temperature. Andrawes and Shin (2008) first introduced the idea 
of using SMA spirals to provide active confinement to concrete columns. Shin and Andrawes 
(2010) studied the use of SMA spirals to actively confine concrete through thermal prestressing. 
Their results illustrated that this technique holds promise for both new and old structures. In this 
application, active confining pressure is applied by simply heating prestrained SMA spirals 
wrapped around concrete columns up to above a specific temperature, known as the austenite finish 
temperature. The behavior of SMA confined concrete is quite different from purely active or purely 
passive confined concrete, in which SMA confinement works as a combination of active and 
passive confinement. Dommer and Andrawes (2012) shed the light on the thermomechanical 
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characteristics of one type of SMAs (NiTiNb), which was used for SMA confinement by Shin and 
Andrawes (2010). Their results demonstrated that the behavior of NiTiNb alloys under monotonic 
loading, cyclic loading, and thermal cycles had great potential in the SMA confinement technique.  
Although some of the previous experimental work has shown that SMA confinement has 
great potential for improving structural seismic behavior, a robust and accurate concrete 
constitutive model is needed to describe the behavior of SMA confined concrete. Because SMA 
confinement works as a combination of active and passive confinement, neither existing purely 
active nor purely passive confined concrete models can capture this unique feature. Moreover, 
although previous test results showed that NiTiNb alloy is a suitable type of SMAs in this 
technique, more studies should be done on other types of SMAs, with the aim of exploring other 
SMAs with better performance and also being more cost effective to spread implementation of this 
technique in seismic applications. In addition, existing experimental work on SMA confinement 
was all done on cylinders or circular columns and more investigations are needed on applying 
SMA confinement on non-circular elements to broaden the SMA confinement application. Last 
but not least, most of the previous research on this technique focused on retrofit/repair applications 
of circular concrete elements by applying external SMA spirals or ties, and no work was done yet 
to explore the feasibility of implementing SMA confinement technique in new structures as 
internal transverse reinforcement. 
 
1.2 OBJECTIVES OF RESEARCH 
This dissertation utilized both experimental testing and analytical modeling to further study 
the use of SMAs to apply confinement to concrete. Shin and Andrawes (2010) have done relatively 
limited experiments on SMA confined concrete cylinders, considering only one level of concrete 
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strength and one level of confining pressure under monotonic loading only. In order to better 
understand the behavior of SMA confinement, provide sufficient experimental data to develop 
detailed analytical models for SMA confined concrete and to expand the application of this SMA 
confinement technique, the present dissertation addressed the following five main objectives: 
 Studying the characteristics of cost-effective types of SMAs and exploring the 
feasibility of using them in the SMA confinement technique; 
 Establishing innovative methods to implement SMA confinement in non-circular 
concrete sections and validating their superiority by comparing them to conventional 
passive confinement techniques; 
 Investigating the feasibility of applying SMA confinement technique as internal 
transverse reinforcement for newly constructed concrete structures; 
 Studying the stress-strain behavior of SMA confined concrete in depth through a 
comprehensive experimental program; 
 Developing and validating a new plasticity model to predict and analyze 3-D stress-
strain behavior of SMA confined concrete. 
 
 To achieve these objectives, first, in order to promote and facilitate this new technique, a 
new type of iron-based SMAs, Fe-29Ni-18Co-4Ti, was tested and analyzed. Experiments were 
done to examine the temperature hysteresis, recovery stress, monotonic and cyclic stress-strain 
behaviors after stress recovery, as well as the stability of recovery stress under thermal cycles. 
Second, experimental work was presented on investigating innovative methods for applying SMA 
confinement technique to concrete prisms with the aim of enhancing their ductility while 
eliminating the common premature failure due to stress concentrations at the corners of the prisms. 
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Third, this research also presented an experimental study on implementing SMA spirals as internal 
transverse reinforcement in newly constructed square concrete columns to investigate the 
feasibility and advantages of extending the SMA confinement technique to newly constructed 
concrete structures. Fourth, experimental work was conducted on series of SMA confined concrete 
cylinders with different levels of concrete strengths and spiral spacing under both monotonic and 
cyclic loading. The experimental results were utilized to develop a new plasticity model for SMA 
confined concrete, including yield criterion, hardening/softening function, dilation angle function 
and damage parameter. Then an empirical stress-strain equation was also developed with the aim 
of providing a more direct representation of the axial stress-axial strain relation of SMA confined 
concrete, which is most suitable for less advanced one-dimensional (1-D) analysis. The proposed 
constitutive model for SMA confined concrete was validated using experimental data published in 
the literature on both material and component levels. The proposed empirical model was also 
implemented into finite element program OpenSees as a new material model ‘ConcreteSMA’ and 
this new material model was validated by simulating the behavior of a previously tested SMA 
confined concrete column under lateral cyclic loading. 
 
1.3 DOCUMENT OUTLINE 
 Chapter 2 presents literature review on the two common types of concrete confinement 
techniques (active and passive) as well as previous studies on SMA properties and SMA 
confinement concept. Chapter 3 presents experimental work on investigatimg the 
thermomechanical behavior of a new type of Fe-based SMAs for SMA confinement application. 
Chapter 4 presents an experimental study on SMA confined non-circular concrete structures under 
both monotonic and cyclic loading. Chapter 5 presents an experimental investigation on using 
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SMA confinement as internal transverse reinforcement in newly constructed concrete columns. 
Chapter 6 presents a comprehensive experimental study on SMA confined concrete under both 
monotonic and cyclic loading. Chapter 7 reviews existing empirical equations and plasticity 
models for concrete structures in the literature and presents a preliminary investigation on 
simulating SMA confined concrete behavior using damaged plasticity model within the framework 
of ABAQUS to examine the feasibility of using plasticity model to simulate/predict SMA confined 
concrete behavior. Chapter 8 presents the development and validation of a novel SMA confined 
concrete plasticity model within the framework of Drucker-Prager plasticity model. Chapter 9 
presents a summary of this research work and recommendations for future research. 
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CHAPTER 2 LITERATURE REVIEW 
 
2.1 CONFINEMENT TECHNIQUES 
Previous studies mainly focused on two types of lateral confinement techniques, namely, 
passive confinement and active confinement. Pioneering research work on concrete confinement 
done by Richart et al. (1928 and 1929) investigated the ability of concrete to resist the stress 
applied in one direction when stresses in other directions existed. The former paper (Richart et al. 
1928) studied the ability of lateral active confinement to improve concrete strength and ductility 
using a triaxial pressure vessel. The latter paper (Richart et al. 1929) examined the behavior of 
passively confined concrete columns using transverse steel reinforcement. These two papers 
motivated many researchers to further study concrete confinement techniques to improve concrete 
strength and ductility. Passive confinement, which is the more commonly used technique, is 
applied in new concrete structures using internal transverse steel reinforcement (e.g. spirals, hoops, 
stirrups). In passively confined concrete, the confining pressure develops gradually as a result of 
concrete dilation when the concrete is loaded axially. For old structures with insufficient ductility, 
supplementary passive confinement is often applied using external steel jackets or fiber reinforced 
polymer (FRP) jackets or wraps. Many studies focused on exploring the behavior of concrete 
confined by transverse steel reinforcement (e.g. Sheikh and Uzumeri 1982; Scott et al. 1982; 
Mander et al. 1988a; among many others) and many researchers were interested in investigating 
the behavior of concrete confined by FRP jackets (e.g. Mirmiran and Shahawy 1997; Fam and 
Rizkalla 2001; Harries and Kharel 2002; Jiang and Teng 2007; Yu et al. 2010a, 2010b).  
On the other hand, in active confinement, the lateral confining pressure is applied to 
concrete prior to loading. Due to the initial confining pressure before loading, active confinement 
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can effectively delay the dilation of concrete and hence is known to be more effective in increasing 
concrete compressive strength and ultimate strain than passive confinement. Most of the studies 
on active confinement investigated the behavior of concrete using triaxial testing devices such as 
triaxial pressure vessel (Richart et al. 1928; Imran and Pantazopoulou 1996; Candappa et al. 2001). 
Researches on the practical application of active confinement are much fewer than those on passive 
confinement. Moghaddam et al. (2010) for example used prestressed metal strips to actively 
confine concrete. Yamakawa et al. (2004) used pre-tensioned aramid FRP belts to retrofit damaged 
reinforced concrete columns. Due to the limitation and challenges (requires too much labor, time, 
special equipment, and hence increases the cost) associated with applying mechanical prestress in 
steel or FRP jackets, the practical application of active confinement in structures is limited. In the 
following subsections, a review of previous experiments on both types of confinement is presented 
and an innovative confinement technique, SMA confinement, is also discussed based on the 
literature. 
 
2.1.1 Passive Confinement 
2.1.1.1 Steel Reinforcement 
 Richart et al. (1929) conducted tests on twenty-three 254 mm × 1016 mm (10 in × 40 in) 
circular columns with the same concrete mix, the same spiral spacing (25.4 mm [1.0 in]), but six 
different amounts and types of spiral reinforcement. Thus, six different levels of confining 
pressures were examined. From the experimental results, the authors concluded that the existing 
of lateral confining pressure increased concrete strength by 4.1 times the confining pressure.  
 Scott et al. (1982) did an experimental investigation on twenty-five 450 mm × 450 mm × 
1200 mm (17.7 in × 17.7 in × 47.2 in) square confined reinforced concrete columns with 8 or 12 
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longitudinal reinforcement and different arrangements of steel hoops, under concentric or eccentric 
loads at different strain rates. Scott et al. (1982) concluded that transverse reinforcement could 
largely increase the compressive strength of concrete core and larger volumetric ratio of transverse 
reinforcement resulted in higher peak stress, larger compressive strain at first hoop fracture and 
lower descending branch slope of the core concrete stress-strain curve. They found that using 
higher strain rate increased the peak stress, strain at peak stress and the slope of the descending 
branch by 1.25 times. They also suggested using volumetric ratio of transverses reinforcement and 
the yield strength of transverse steel to predict the ultimate concrete compressive strain. 
 Ahmad and Shah (1982) examined the stress-strain behavior of concrete confined by spiral 
reinforcement with different steel yield strength, different concrete strength and different spiral 
spacing. A total of eight series of concrete specimens with different concrete strengths were tested, 
six for normal strength and 2 for lightweight concrete. The dimension of seven series of specimens 
were 76.2 mm × 152.4 mm (3 in × 6 in), while the dimension of one series of the specimens was 
76.2 mm × 304.8 mm (3 in × 12 in). Three different spiral spacing (12.7 mm [0.5 in], 25.4 mm 
[1.0 in], 38.1 mm [1.5 in]) were used for normal weight concrete; while two different spiral spacing 
(12.7 mm [0.5 in], 25.4 mm [1.0 in]) were used for lightweight concrete. The authors concluded 
that first the effectiveness of confinement was negligible if the spiral spacing was greater than 1.25 
times the diameter of the concrete specimen.  Second, the effectiveness of confinement from spiral 
reinforcement decreased as the strength of unconfined concrete increased or when using 
lightweight concrete. 
 Mander (1984) conducted two series of tests on concrete columns/walls with different 
amount of longitudinal and transverse reinforcement: (1) twelve 500 mm × 1500 mm (19.7 in × 
59.1 in) circular columns confined by spiral reinforcement; (2) sixteen 150 mm × 700 mm (5.9 in 
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× 27.6 in) rectangular wall sections confined by rectangular hoops and cross ties.  He concluded 
that the amount of longitudinal reinforcement had little effect on the concrete behavior and the 
effectiveness of confinement; the quantity of spiral reinforcement was the most important factor 
influencing the concrete behavior. 
 Besides research on using internal transverse steel reinforcement in a new concrete 
structure to provide confinement, researchers have also studied using tubed reinforced concrete 
systems to provide confinement, including using external steel tube in new structure, and using 
external steel jackets to retrofit damaged concrete structure. Tomii et al. (1985a, 1985b) first 
introduced the concept of tubed concrete column, aiming to increase shear strength and improve 
ductility of short columns. The concept of tubed column is different from concrete filled tubular 
column (CFT). While tubed concrete proposed by Tomii et al. (1985a, 1985b) refers steel tube as 
transverse confinement only, CFT considers contribution from steel tube on both transverse and 
longitudinal directions. To ensure steel tube only serve as transverse confinement, a gap between 
steel tube and footing/beam is used to avoid direct transfer of longitudinal force to the tubes. Fig. 
2.1 illustrates the difference between tubed column system and CFT. 
 
 
Figure 2.1: Comparison of CFT column and tubed column (Xiao et al. 2005). 
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Chai et al. (1991) first introduced the idea of using steel jackets to retrofit circular concrete 
columns to improve flexural performance. They proposed to use site-welded steel jackets which 
was slightly oversized, to confine circular column and use cement-based grout to fill the gap 
between concrete column and steel jacket. They conducted tests on six 609.6 mm (24 in) diameter 
by 3657.6 mm (12 ft) height columns, using steel jackets to retrofit the potential plastic hinge zone 
of four columns and the other two referred as “as-built” reference columns. They concluded that 
using steel jackets to retrofit the potential plastic hinge zone of columns can effectively improve 
flexural ductility, slow down strength degradation and help to prevent bond failure of longitudinal 
reinforcement. 
Priestley et al. (1994a, 1994b) conducted experiment on retrofitting both circular and 
rectangular shear deficient columns using steel jackets. Both “as-built” and retrofitted columns 
were tested. Elliptical shape steel jackets were used to retrofit rectangular columns as shown in 
Fig. 2.2. A total of eight circular columns and six rectangular columns were tested. The authors 
varied the amount of longitudinal reinforcement, transverse reinforcement, steel jacket thickness 
and steel jacket yield strength in different columns. They concluded that the “as-built” columns 
exhibited brittle failure and the strength and stiffness degraded much faster compared to the steel 
jacket retrofitted columns. The retrofitted columns showed greater shear strength and flexural 
ductility, as well as more stable hysteretic response. 
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Figure 2.2: Shape of the steel jacket for rectangular concrete column (Priestley et al. 1994a, 
1994b). 
 
2.1.1.2 Fiber Reinforced Polymer (FRP) Reinforcement 
Fiber reinforced polymer (FRP) is a type of composite material that has advantages of low 
weight-to-strength ratio and high corrosion resistance. In the recent decades, many researchers 
investigated using FRP to retrofit and strengthen concrete columns by wrapping the FRP jackets 
externally around concrete elements (Katsumata et al. 1988; Saadatmanesh et al. 1994; Toutanji 
1999; Lam and Teng 2004). Saadatmanesh et al. (1994) performed large scale tests using carbon-
FRP (CFRP) or glass-FRP (GFRP) to retrofit seismically deficient concrete columns. They found 
that with the help of FRP straps, both the strength and ductility of columns increased and carbon 
fiber straps worked better than the glass fiber straps to absorb seismic energy. They also concluded 
that the effectiveness of FRP in improving ultimate load, ductility and maximum moment capacity 
decreased as the concrete strength increased.  
Xiao and Wu (2000) conducted uniaxial compression tests on concrete cylinders confined 
with CFRP with different thickness and they found that the stress-strain relations of CFRP 
confined concrete appeared to be a bilinear behavior and the rupture strength of CFRP jacket was 
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50%-80% of the uniaxial tensile test result from flat coupons. The reasons for this reduction were 
first, flat coupons were easy to deal with than cylindrical jackets, so that they had higher quality; 
second, the stress state of FRP jacket was not pure tension, but under three-dimensional stress state; 
third, the local damage of concrete might also cause local stress concentration or damage to FRP 
jackets.  
Lam and Teng (2004) conducted tests on both CFRP and GFRP samples and also FRP 
confined concrete cylinders. They found that the ultimate hoop strain from FRP confined concrete 
was much lower than that from tensile strain of flat coupons, because the ultimate hoop strain of 
FRP jacket was influenced by the curvature of FRP jackets, the overlapping zone, in which FRP 
jacket had lower measured hoop strain than elsewhere, and the non-uniform deformation of 
cracked concrete under the jackets. They also claimed that the effect from jacket curvature was 
more detrimental to CFRP than GFRP.  
Besides FRP retrofitted concrete columns, researches were also done on concrete-filled 
FRP tubed columns, which could be used in a new concrete structure. Mirmiran and Shahawy 
(1995) proposed an idea of using two plies of circumferential fibers and one center ply of 
longitudinal fibers to make FRP tubes, which behaved as external confinement for the concrete 
core (see Fig. 2.3). The advantages of this FRP-concrete composite column are: (1) FRP tube can 
act as the formwork for the core concrete and hence save time, labor and cost in making and 
removing concrete formwork; (2) FRP tube can protect the concrete core from corrosive 
environment; (3) FRP tube can provide lateral confinement to the core concrete, help to increase 
concrete strength and ductility, and also prevent longitudinal reinforcement from buckling; (4) 
besides lateral confinement and different from FRP jackets, FRP tube can also provide 
reinforcement in the longitudinal direction to increase flexural and shear strength. 
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Figure 2.3: FRP-concrete composite columns (Mirmiran and Shahawy 1995). 
 
 Mirmiran and Shahawy (1997) conducted tests on thirty 152.4 mm × 304.8 mm (6 in × 12 
in) concrete cylinders, including twenty concrete-filled FRP tubed specimens and six unconfined 
concrete specimens. Three different levels of concrete strengths, 30.9 MPa (4.5 ksi), 29.6 MPa 
(4.3 ksi), and 32 MPa (4.6 ksi), were examined with three different levels of FRP thicknesses (6, 
10, and 14 layers). Mirmiran and Shahawy (1997) concluded that concrete-filled FRP tube was an 
effective way to provide confinement and it could greatly increase the strength and ductility of 
concrete structures. The stress-strain relation of concrete-filled FRP tubed specimens appeared to 
be bilinear behavior, which was similar to the concrete specimens confined with FRP jackets. The 
authors also found that the concrete-filled FRP tubed concrete specimens experienced volumetric 
expansion after volumetric reduction at the beginning of loading, but as concrete dilated and hoop 
stress from FRP tube increased, the volume of specimens started to decrease and ended up with 
volume reduction when the concrete specimen failed. This was quite different from plain concrete 
and steel confined concrete, in which the volume first reduced before a critical stress and kept 
expanding until failure.  
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2.1.2 Active Confinement 
2.1.2.1 Triaxial Pressure Vessel/Triaxial Testing Machine  
 Most of the studies on active confinement investigated the behavior of concrete using 
triaxial testing devices. There are mainly two types of triaxial testing devices used in the literature 
to apply active confinement to concrete. One is triaxial pressure vessel as shown in Fig. 2.4(a), in 
which lateral confining pressures applied by fluid in two principal directions are equal and remain 
constant throughout the test (Richart et al. 1928; Imran and Pantazopoulou 1996; Attard and 
Setunge 1996). Stress in the axial direction is applied by the universal testing machine and 
increases from zero until failure or to a target value. The other type of device is true triaxial testing 
machine [see Fig. 2.4(b)], which can apply loads in three principal directions independently 
(Launay and Gachon 1972; Wang et al. 1987; Lan and Guo 1997). Previous researchers mainly 
used true triaxial testing machine to test concrete cubes. Models developed based on test results 
from true triaxial testing machine are more appropriate to describe concrete failure surface in 3-D 
space. 
                  
     (a)                                                          (b) 
Figure 2.4: (a) Triaxial pressure vessel (Imran and Pantazopoulou 1996); (b) true triaxial testing 
machine (Launay and Gachon 1972). 
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 Richart et al. (1928) conducted pioneer study on concrete behavior under combined 
compressive stresses. They used triaxial pressure vessel to test concrete cylinders under biaxial 
compression and triaxial compression with confining pressures varying between 7% and 650% of 
axial stress. Richart et al. (1928) concluded that first, concrete under biaxial compression had 
strength no less than that under uniaxial compression; second, the presence of lateral confining 
pressure increased concrete strength by an amount of 4.1 times of the lateral confining pressure 
and with different amount of confining pressures, the axial deformation ranged from 0.5% to 7% 
strain.  
 Hobbs (1971) conducted tests on concrete cylinders under different combined stresses 
states using triaxial pressure vessel and they concluded that the increase in concrete strength due 
to the application of confining pressure varied from 3.5 times of the confining pressure at high 
confinement to 6 times of the confining pressure at low confinement.  
 Attard and Setunge (1996) conducted tests on concrete cylinders with different strengths 
using triaxial pressure vessel and they found that under a suitable amount of confining pressure, 
the stress-strain curve would reach a residual stress at high concrete strain.  
 Imran and Pantazopoulou (1996) conducted both monotonic and cyclic loading tests on 
concrete cylinders with different concrete strengths using the triaxial pressure vessel. They found 
that a high enough confining pressure could result in no degradation in post peak behavior and 
changing the failure pattern from brittle to ductile; the assertion described in Richard et al. (1928) 
that the increase in concrete strength was 4.1 times of the lateral confining pressure was verified 
for low strength concrete, but overestimated for high strength concrete; concrete under cyclic 
loading appeared to have larger volumetric expansion than under monotonic loading, since more 
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damage was accumulated during cyclic loading; concrete expansion strain (lateral strain) and also 
the degradation elastic modulus were effective variables to describe concrete damage.  
 Wang et al. (1987) conducted tests on 101.6 mm × 101.6 mm × 101.6 mm (4 in × 4 in × 4 
in) concrete cubes under biaxial and triaxial compression using true triaxial testing machine. They 
concluded that: (1) the biaxial concrete strength to uniaxial concrete strength ratio varied from 
1.385 to 1.622; (2) for concrete under triaxial compression without equal principal stresses, the 
value of intermediate stress played an important role in maximum compressive stress; maximum 
compressive stress increased as intermediate stress increased, but the increase rate decreased as 
intermediate stress became larger.  
 Lan and Guo (1997) conducted tests on 71.1 mm × 71.1 mm × 71.1 mm (2.8 in × 2.8 in × 
2.8 in) concrete cubes under biaxial and triaxial compression with different load paths using true 
triaxial testing machine and concluded both biaxial and triaxial compressive strength were 
independent of stress paths. 
 
2.1.2.2 Prestressing Steel Reinforcement/FRP Jackets 
 As illustrated by the previously presented studies, compared to passive confinement, active 
confinement can more effectively impede and slow down the lateral expansion of concrete under 
compression; hence increase the ductility and strength of concrete. These promising features 
encourage many researchers to consider applying active confinement in the field. One main 
approach to apply active confining pressure to concrete in the field is to prestress/pretension steel 
strands, steel jackets, or FRP jackets/straps. One important difference between using testing 
machines to apply active confining pressure and prestressing steel reinforcement/FRP jacket is that 
the active confining pressure applied through triaxial testing devices remains constant during the 
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test; while the one applied through prestressing steel reinforcement/FRP jackets imposes active 
confining pressure prior to loading and additional passive confining pressure keeps developing as 
concrete expands during loading. 
 Saatcioglu and Yalcin (2003) conducted series of tests on large scale concrete columns 
retrofitted by individual seven-wire prestressing strands hoops and found that retrofitting concrete 
columns with prestressing strands was an effective way to improve shear capacity and ductility. 
For circular columns, the hoop strands were simply placed directly on concrete surface with 
twisted ring anchors; while for square columns, as shown in Fig. 2.5, steel spreader frames and 
raiser discs were used to help distributing the confining pressure uniformly.  
 
   
       (a)                                                          (b) 
Figure 2.5: Scheme of retrofitting square columns with strands (Saatcioglu and Yalcin 2003). 
 
 Miyagi et al. (2004) proposed a concept of using steel plates and prestressing bars to retrofit 
damaged concrete for emergency situation after an earthquake. In Fig. 2.6, four corner blocks were 
placed on the four corners of the column and prestressing bars with a diameter of 5.4 mm (0.2 in) 
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were used to connect the corner blocks. Four steel plates were attached to the concrete surfaces 
between the corner blocks and concrete. With the prestressing force in the prestressing bars, the 
steel plates and corner blocks were able to attach to the concrete surface without extra welding or 
connections. Based on their test results, they concluded that this emergency retrofit technique, 
taking the advantages of both active and passive confinement, can effectively improve the lateral 
and axial capacity of damaged reinforced concrete columns after an earthquake. 
 
 
Figure 2.6: Retrofitting of damaged concrete columns using prestressing bars and steel plates 
(Miyagi et al. 2004). 
 
 Nesheli and Meguro (2006) proposed an idea of using pretentioned FRP belts to retrofit 
damaged concrete columns after an earthquake. Two types of FRP were studied to apply active 
confinement, carbon and aramid FRP. As shown in Fig. 2.7, FRP belts were wrapped directly 
around concrete columns with rounded corners; while aramid FRP belts were wrapped around 
concrete columns on top of steel angles. Both types of retrofitted concrete columns were tested 
under cyclic lateral loading in addition to a constant axial compressive force. They concluded that 
pretentioned aramid FRP belts could be applied as an emergency retrofitting technique to retrofit 
damaged square concrete columns. It was able to restore the flexural strength and shear capacity 
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of the damaged columns, and the pretentioned FRP belts helped to reduce or even close existing 
cracks.  
 
 
          (a)                                           (b) 
Figure 2.7: Seismic column retrofitting using pretention aramid fiber belts (Nesheli and Meguro 
2006). 
 
 Nakada and Yamakawa (2008) also studied using pretensioned aramid fibers to apply 
active confinement to concrete columns as a seismic retrofitting technique. As shown in Fig. 2.8, 
aramid fiber belts were wrapped around rounded corner angles, which were placed on the four 
corners of the concrete column. A coupler was used to join the two ends of the aramid fiber belt 
together. Pretentioning of aramid fiber belts was achieved by strewing the coupler. Strain gauges 
were applied to the surface of fiber belts to control the level of pretension. They concluded that 
applying active confinement using aramid fiber belts can enhance concrete compressive strength 
and decrease the dropping rate of descending branch of the stress-strain curve. 
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    (a)                                         (b) 
Figure 2.8: Seismic column retrofitting using pretention aramid fiber belts (Nakada and 
Yamakawa 2008). 
 
2.2 SMA CONFINEMENT 
2.2.1 Shape Memory Alloys 
 SMAs are a class of metallic alloys characterized by the superelasticity (SE) and shape 
memory effect (SME), two unique thermomechanical phenomena which enable SMAs to recover 
their original shape through phase transformation between austenite and martensite phases. The 
phase transformation is governed by four transformation temperatures, namely martensite finish 
temperature fM , martensite start temperature sM , austenite start temperature sA , and austenite 
finish temperature fA . This unique feature of SMA was discovered first in Au-Cd alloy in 1951, 
followed by the discovery of Ni-Ti alloy, which also appeared to have both SME and SE. Shape 
memory alloys are widely used in different fields, including actuators, pipe couplings, dampers, 
restrainers and medical applications. Due to the relatively high cost of shape memory alloys, the 
majority of SMA applications are mainly limited to aerospace engineering, military and medical 
devices. However, recently there has been a growing interest to use SMAs in civil engineering 
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applications. Many recent studies have investigated the use of SE in structural seismic applications 
(Wilde et al. 2000; Tamai and Kitagawa 2002; Li et al. 2003; Andrawes and DesRoches 2007). 
 SMA has two different stable phases. One is austenite phase, which appears in high 
temperature and has cubic crystal structure [see Fig. 2.9(a)]. The other is martensite phase, which 
is a low-temperature phase and appears to be less symmetric, with a twinned or detwinned structure 
[see Fig. 2.9(b), (c)].  Both SE and SME are closely related to martensitic transformation (MT), 
which is a phase change from austenite to martensite. Martensitic transformation is a type of 
diffusionless transformation, in which the movement of atoms is cooperative without diffusion. 
MT is started by a shear-like deformation and associated with a shape change. When SMA is in 
its parent (austenite) phase, it has a symmetric, cubic arrangement of atoms. When SMA is cooled 
down from austenite to martensite phase, it transforms to a twinned martensite phase [Fig. 2.9(c)], 
which is called self-accommodation. That’s because large strain appears as SMA transforms from 
austenite to martensite. In order to accommodate this strain, twins are required. In this process, 
there is no macroscopic shape change. The two unique thermomechanical phenomena of SMAs, 
which enable the shape recovery ability, superelasticity and shape memory effect, will be 
explained in more detail in the following sections. 
 
 
Figure 2.9: Different SMA phases (a) austenite; (b) detwinned martensite; (c) twinned 
martensite. 
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2.2.1.1 Shape Memory Effect and Superelasticity 
 Shape memory effect is a phenomenon that occurs when material is deformed below fM ; 
it could recover its original shape by heating up to above fA . As shown in Fig. 2.10, when SMA is 
cooled from austenitic parent phase to below fM , twinned martensite forms through self-
accommodation. If external load is applied to the twinned martensite, SMA is deformed and even 
detwinned [Fig. 2.9(b)] under large enough load. After load is removed, deformation remains. 
When temperature increases to above fA , reverse transformation (RT) occurs and martensite 
transforms back to austenite phase, i.e. its original phase. Superelasticity is another unique feature 
of SMAs. When SMA is deformed at a temperature above fA , it will be fully detwinned and 
transforms to martensite phase. This process is called stress-induced martensitic transformation 
(SIM). Martensite is unstable at temperature above fA . Therefore, when external load is removed, 
SMA transforms back to austenite and recovers it original shape. 
 
 
Figure 2.10: Shape memory effect and superelasticity.  
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2.2.1.2 Thermomechanical Characteristics of SMAs 
 The thermomechanical characteristics of SMAs are shown in Fig. 2.11. In austenite phase 
[Fig. 2.11(a)], stress-strain relation of SMAs appears to have a two-plateau flag shape, representing 
the forward and reverse transformation. As SMAs in the austenite phase with a symmetric cubic 
atom arrangement is loaded, elastic behavior appears at first, followed by a non-linear behavior as 
twinned martensite forms and starts to detwin. If applied stress is high enough, fully detwinned 
SMAs is obtained. If the applied stress is released, the martensite becomes unstable and transforms 
back to austenite, which achieves shape recovery. On the other hand, when SMA is in martensite 
phase [Fig. 2.11(b)], it is in twinned martensite phase if there is no applied stress. As the material 
is loaded, it first follows the linear trend. As the material starts to detwin, it behaves nonlinearly. 
If the applied force is large enough, it can fully detwin. Different from SMA in austenite phase, 
unloading will not induce martensite transformation and the martensite phase remains after applied 
stress is released. If temperature increases to above fA , residual strain during the loading and 
unloading process will be eliminated or partially eliminated. It should be noted that residual strain 
is not always fully recoverable. If the applied stress is large enough to induce irrecoverable slip or 
dislocation in the material, the residual strain after unloading is only partially recoverable. In 
addition, chemical composition, heat treatment methods, and applied stress can have significant 
effect on the SMAs’ mechanical properties, including transformation temperatures, elastic 
modulus, yield strength, recoverable strain, etc. 
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(a)                                                                 (b) 
Figure 2.11: Thermomechanical characteristics of (a) austenite and (b) martensite phases. 
 
2.2.1.3 SMA Confinement Concept 
The SME described above is utilized in the SMA concrete confinement technique, which 
is the interest of this research. Fig. 2.12 illustrates the phenomenon of SME in SMA confinement 
technique; when the martensitic SMA wire is not restrained and is deformed under applied 
mechanical force, it can recover its original shape when heated to a temperature above fA . If the 
SMA wire is restrained, hence not able to recover its original length, a recovery stress will develop 
in the wire. In order to utilize this phenomenon in confining concrete elements, SMA wires 
(approximately 6% pre-strained by the manufacturer) are first wrapped around the concrete 
element, and then heated to a temperature above fA  to activate the shape recovery. Due to the 
constraint provided by the concrete, the spiral is not able to restore its original length; rather a large 
recovery stress is induced in the spiral causing the confining pressure to be exerted on the concrete. 
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Two of the important factors that affect the efficiency of the SMA confinement are the level of 
recovery stress one can get from SMA wires and the stability of the recovery stress during ambient 
temperature fluctuation. 
 
Figure 2.12: Shape memory effect of SMA (a) unrestrained ends ( F is applied force); (b) 
restrained ends ( rF  is recovery force). 
 
2.2.2 Previous Studies on SMA Confinement 
 Krstulovic-Opara and Thiedeman (2000) investigated using self-stressing composites SS-
SIMON, made with memory fibers, to apply active confining pressure to concrete structure only 
through raising the temperature. Based on their compressive test results on a series concrete 
cylinders, they found that concrete specimens confined by self-stressing composites was easy to 
cast and place with no need of jacketing or prestressing devices. It can effectively provide active 
confinement to both old and new structures and improve strength and ductility. Also, it can help 
to limit the development of microcracks and increase crack stability. 
 Andrawes and Shin (2008) first proposed the concept [see Fig. 2.13(a)] of using SMA rings 
to provide active confinement prior to loading, which can effectively improve seismic behavior of 
reinforced concrete bridge columns based on their analytical simulation. Shin and Andrawes (2010) 
sT A
F
fT A
sT A
fT A
rF rF
F
(a) (b)
27 
 
studied the use of SMA spirals to actively confine concrete through thermal prestressing. They 
conducted tests on recovery stress of prestrained NiTiNb SMA wires under heating. Fig. 2.13(b) 
displays the recovery stress test results of a restrained SMA wire with 6.4% prestrain. Before the 
cyclic loading was applied, recovery stress was induced in the wire through heating. When the 
SMA wire was subjected to cyclic loading after the recovery stress became stable, additional stress 
developed in the wire. They also conducted experiments on SMA confined concrete cylinders and 
compared the stress-strain behavior with FRP confinement and SMA-GFRP hybrid confinement 
(SMA spirals wrapped around concrete cylinders in addition to GFRP wraps). Their results 
illustrated that this new technique holds promise for both new and old structures and can 
significantly improve concrete strength and ductility; the behavior of SMA confined concrete is 
quite different from purely active or purely passive confinement, in which due to the relatively 
large stiffness of the prestressed spirals, SMA confined concrete works as a combination of active 
and passive confinement. 
 
 
                               (a)                                                                         (b) 
Figure 2.13: (a) Schematic of SMA confined concrete concept (Shin and Andrawes 2010); (b) 
recovery stress test results by Shin and Andrawes (2010).   
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 Shin and Andrawes (2011) conducted experiments on four large scale circular single-
cantilever concrete columns 254 mm × 1270 mm (10 in × 50 in) with the same amount of internal 
longitudinal and transverse reinforcement, but using different retrofitting schemes. One of the four 
columns was tested as “as-built” state. The other three used the same amount of GFRP jackets to 
retrofit regions outside the plastic zone (508 mm [20 in] measured from the top of the footing). 
Only difference was the methods used to retrofit the plastic zone. The three different retrofitting 
schemes (Fig. 2.14) were 10-layer of GFRP jackets, SMA spirals with 10 mm (0.4 in) pitch and 
20 mm (0.8 in) pitch SMA spirals in addition to 5-layer of GFRP jackets. All four columns were 
tested under quasi-static lateral cyclic loading. They concluded that although SMA confined and 
GFRP-SMA confined columns only improved the strength slightly compared to the “as-built” 
column and GFRP confined column, using SMA spirals to provide active confinement, flexural 
ductility, drift capacity and the ability of dissipating seismic energy of concrete columns were all 
enhanced significantly. Besides, due to the active confining pressure applied to the column prior 
to loading, it can help to delay the dilation of concrete during loading, and hence limit the damage 
area of the concrete columns. 
 
 
Figure 2.14: Column tests using different retrofit schemes by Shin and Andrawes (2011). 
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CHAPTER 3 THERMOMECHANICAL PROPERTIES OF SMA 
 
 Because of their unique thermomechanical phenomena, namely SME and SE, SMAs have 
been investigated by many researchers in civil engineering application in recent decades. Most of 
the researchers focused on using NiTi alloys, the most commercially available type of SMAs, for 
seismic structural applications. The phenomenon of superelasticity (SE) in particular caught most 
of the attention from researchers in the earthquake engineering applications (e.g. Graesser and 
Cozzarelli 1991; Thomson et al. 1995; Wilde et al. 2000; Sakai et al. 2003; Andrawes and 
DesRoches 2007; Kari et al. 2011; among many others). This is mainly due to the ability of 
superelastic NiTi alloys to undergo large strains (up to about 8% strain) with almost no residual 
deformation as well as the energy dissipation capability associated with the SMAs’ hysteretic flag 
shape. Despite the high interest in the application of SE NiTi in structures, little attention was 
given to the application of SMAs’ shape memory effect (SME) phenomenon. As explained earlier, 
SME is the ability of deformed (strained) SMA to recover its original shape by heating the alloy 
to a temperature above the austenite finish temperature. Among the few studies that focused on 
the application of SME in civil structures, there is the one conducted by Deng et al. (2006) who 
embedded NiTi SMA wires in concrete elements as a way to prestress concrete structures by 
heating SMA wires. Ocel et al. (2004) also employed the SME by integrating NiTi SMA tendons 
into steel partial restrained connections with the aim of eliminating residual deformation in the 
connection by heating the SMA tendons. Another recently studied application of SME in civil 
structures used prestrained NiTiNb SMA wires as external spiral reinforcement to retrofit and 
repair concrete columns through active concrete confinement (Andrawes et al. 2010). As indicated 
earlier, most of the research work performed on SMA application in civil structures focused on 
30 
 
NiTi-based alloys (e.g. NiTi, NiTiNb, etc.). The relatively high cost of these alloys is considered 
as one of the major drawbacks for using SMAs in civil structures. With the motivation of 
promoting the use of SMA in civil structural applications, especially the application of SMA 
confinement technique, understanding the thermomechanical properties of SMAs and exploring 
more cost-effective SMA alternatives is one of the objectives of this research. This chapter first 
examines the important thermomechanical properties of commonly used NiTiNb alloys that enable 
this type of alloys to be suitable for SMA confinement technique. Then through understanding 
NiTiNb alloy properties, an experimental program is designed and carried out to explore the 
thermomechanical properties of a relatively new and cost-effective iron-based SMA. 
 
3.1 NiTiNb ALLOYS 
 In order to attain stable recovery stress, NiTiNb alloys were chosen by Shin and Andrawes 
(2010) as the type of SMAs to provide SMA confinement to concrete structure. To use the SME 
efficiently in SMA confinement technique, it requires SMAs to possess sA  
that is outside the 
ambient temperature range, such that the transformation from martensite to austenite does not 
occur at typical ambient temperatures (Fig. 3.1). This feature is important for the prestrained SMA 
wires to maintain their deformation until the installation process is complete and the spirals are 
heated. In addition, a low enough sM  is also required to maintain the recovery stress of the spirals 
throughout the service life of the structure, even under extreme cold conditions. To satisfy these 
requirements, the NiTiNb alloy was utilized by previous researchers (Shin and Andrawes 2010 & 
2011) and is also adopted for SMA confined concrete cylinders and prisms tests in the present 
study due to their wide thermal hysteresis. Dommer and Andrawes (2012) studied the 
thermomechanical properties of NiTiNb alloys and found that the transformation temperature were
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68sA C , 76fA C , and sM , fM  were below -105°C. This wide hysteresis enabled NiTiNb 
alloys to be a possible type of SMA that could be used in the SMA confinement technique. In 
addition, they found that the residual recovery stresses of NiTiNb alloys under elevated (55°C), 
room and cold (-10°C) temperature were 554 MPa (80.4 ksi), 574 MPa (83.2 ksi), and 500 MPa 
(72.5 ksi), respectively for NiTiNb SMA wires prestrained by the manufacturer to about 6% using 
chamber heating as shown in Fig. 3.2(a). They also conducted recovery stress tests to examine the 
effect of using different heating methods on recovery stress as shown in Fig. 3.2(b) and they found 
that residual recovery stresses from torch heating and chamber heating were 513 MPa (74.4 ksi) 
and 525 MPa (76.1 ksi), respectively, and concluded that heating method had minor effect on 
recovery stress. Moreover, they conducted thermal cyclic test (see Fig. 3.3) on NiTiNb alloys, 
aiming to examine the stability of recovery stress subjected to temperature changes. As 
temperature cycled between -10°C and 50°C, recovery stresses were found to be between 288 MPa 
(41.8 ksi) and 522 MPa (75.7 ksi), exhibiting an average recovery stress of 453 MPa (65.7 ksi). 
Therefore, the effect from daily and seasonal ambient temperature changes on the overall recovery 
stress was little. 
Shape 
Memory 
Effect
Superelasticity
 
Figure 3.1: Austenitic fraction vs. temperature and the acceptable ambient temperature range for 
SMA confinement technique. 
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        (a)                                                                       (b) 
Figure 3.2: (a) Recovery stress test results; (b) recovery stress tests using different heating 
method (Dommer and Andrawes 2012). 
 
 
Figure 3.3: Thermal cyclic tests (Dommer and Andrawes 2012). 
 
3.2 FeNiCoTi ALLOYS 
FeNiCoTi alloy is a relatively new material in engineering applications. Fewer studies were 
done on this material than those on NiTi and NiTiNb alloys, especially in civil engineering 
applications. The thermomechanical characteristics of FeNiCoTi alloys greatly depend on the 
composition, aging treatment, and mechanical loading conditions. In general, as explained in 
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Chapter 2, SME is exhibited when the prestrained alloy (at temperature below fM ) is heated 
above fA ; while SE occurs at temperature above fA  and shape recovery is simply attained by 
unloading. When SMA is deformed within the temperature window of 
sM  and sA , stress-induced 
martensitic transformation can also contribute to the deformation (Otsuka and Wayman 2002, 
Sehitoglu et al. 2002). This means that recoverable strains due to superelasticity and due to shape 
memory effect exist simultaneously when deformation temperature is between
sM and sA . 
Sehitoglu et al. (2006) investigated the compressive behavior of Fe-29Ni-18Co-4Ti alloys under 
different temperatures varying from -172°C to 120°C. They found that the stress-strain behaviors 
of Fe-29Ni-18Co-4Ti alloys appeared to be quite different below and above martensite 
transformation temperatures (see Fig. 3.4); Fe-29Ni-18Co-4Ti alloys showed significant nonlinear 
behavior upon unloading when the temperature was low; and the elastic modulus of the stress-
strain relation of this material depended on the temperature. Sehitoglu et al. (2002) reported that 
FeNiCoTi SMAs possess a typical stress-strain response as shown in Fig. 3.5 under a constant 
temperature. As stress is applied, parent phase Fe-29Ni-18Co-4Ti alloy first behaves elastically 
with an austenite elastic modulus of 
AE ; the stress-induced austenite to martensite transformation 
starts early in the stress-strain response for this type of SMAs and appears as an ascending curve. 
With increasing strain, slip deformation of austenite also appears. Slip deformation is plastic and 
cannot be recovered through heating or unloading (Otsuka and Wayman 2002). At this point, both 
austenite and martensite exist in the alloy structure. Upon unloading, the elastic modulus of the 
unloading curve is lower than the austenite elastic modulus, and the pseudoelastic strain, which 
appears due to stress-induced martensitic transformation, recovers and reverts back to austenite 
through unloading. Besides pseudoelastic strain, another type of recoverable strain is SME strain, 
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which can be eliminated through heating above fA . Previous researches also revealed that Fe-
29Ni-18Co-4Ti alloys possess wider hysteresis and higher strength than other Ni-based SMAs 
(Sehitoglu et al. 2002). Sehitoglu et al. (2006) found that Fe-29Ni-18Co-4Ti alloy exhibits very 
good shape memory effect and the pseudoelastic strain portion of the recoverable strain is small, 
because Fe-29Ni-18Co-4Ti alloy has a wide hysteresis, which limits the occurrence of 
pseudoelasticity. That’s because the larger transformation temperature hysteresis represents a 
correspondingly larger stress that needs to trigger the austenite to martensite transformation. These 
advantages, in addition to its cost effectiveness, make Fe-29Ni-18Co-4Ti alloy worthy of further 
investigation with the aim of using it for active confinement application. In order to use FeNiCoTi 
alloy in concrete active confinement application, transformation temperatures are one of the main 
concerns. Hayashi (1998) investigated how aging treatment of Fe-29Ni-15Co-4Ti alloy affects its 
transformation temperatures. Different aging treatments were conducted after 24-hour 1200°C 
homogenization, which are summarized in Table 3.1.  One conclusion can be drawn from his result 
is that as the aging treatment time increases, all four transformation temperatures shift to higher 
temperatures. Further, Sehitoglu et al. (2006) conducted several tests to investigate the effect of 
aging treatments on Fe-29Ni-18Co-4Ti alloys’ transformation temperatures. Recrystallization for 
10 minutes at 1150°C was done before aging treatment and their results are also summarized in 
Table 3.1. Based on their test results, both sM and fM  ranged from -55°C to -94°C. This 
temperature range was far below typical ambient temperatures, even in very cold winter conditions. 
As for fA , except for the 525°C, 85 minutes aging treatment, other cases showed a range between 
68°C to 75°C, which was far above typical ambient temperatures, even in very hot summer 
conditions. However, sA  was around 10-35°C, which was within typical ambient temperature 
range. That means this SMA will recover its shape in room temperature without any heating. This 
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low sA  makes prestrained SMAs hard to store and transport in ambient temperature. Therefore, a 
new heat treatment and training scheme is needed to produce Fe-29Ni-18Co-4Ti alloy with 
elevated sA and enable the transformation temperatures to satisfy the requirement of SMA 
confinement technique. 
 
 
Figure 3.4: FeNiCoTi alloy stress-strain response at various temperatures with the same heat 
treatment method (Sehitoglu et al. 2006). 
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Figure 3.5: FeNiCoTi alloy stress-strain schematic at certain temperature (Sehitoglu et al. 2002). 
 
Table 3.1: Summary of transformation temperatures for different heat treatments  
Source Material Heat Treatment 
fM
(°C) 
sM
(°C) 
sA
(°C) 
fA
(°C) 
Hayashi  
(1998) 
Fe-29Ni-15Co-4Ti 
None <-150 -70 -40 75 
600°C, 1 hour <-100 -30 60 - 
600°C, 10 hours - >300 >300 - 
Sehitoglu et al.  
(2006) 
Fe-29Ni-18Co-4Ti 
525°C, 85 minutes -94 -90 10 40 
550°C, 85 minutes -73 -62 10 70 
550°C, 3 hours -62 -55 35 75 
550°C, 6 hours -68 -56 30 72 
575°C, 85 minutes -78 -72 20 68 
600°C, 85 minutes -90 -85 30 75 
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3.2.1 Heat Treatment and DSC Testing 
Fe-29Ni-18Co-4Ti raw material described in previous work (Sehitoglu et al. 2002) was 
used in the present study. The cold rolled Fe-29Ni-18Co-4Ti bars have a cross-section of 6.8 mm 
(0.27 in) by 6.8 mm (0.27 in). The specimens that were subjected to the aging treatment in the 
experiment had a cross section of 3 mm (0.12 in) by 3 mm (0.12 in) and a length of 8 mm (0.31 
in). Before aging treatment, all the specimens were subjected to 1100°C for 10 minutes for the 
purpose of recrystallization, aiming to soften the material that was hardened by the cold rolling 
and increase the ductility that was lost during the cold work. According to Table 3.2, heating the 
specimen to 600°C for 85 minutes appeared to produce the widest transformation temperature 
hysteresis. In addition, as for the 550°C heat treatment, a heat treatment time of 3 hours showed 
the greatest sA  and fA . Therefore, the following heat treatment schemes were investigated: (1) 
SP-1: aging treatment at 600°C for 6 hours; (2) SP-2: aging treatment at 600°C for 10 hours; (3) 
SP-3: aging treatment at 600°C for 10 hours, using specimen prestrained by 3.2% prior to heat 
treatment; (4) SP-4: aging treatment at 600°C for 10 hours, using specimen prestrained by 3.5% 
after heat treatment; (5) SP-5: aging treatment at 600°C for 10 hours, using specimen prestrained 
by 5.2% after heat treatment; and (6) SP-6: aging treatment at 600°C for 10 hours, using specimen 
prestrained by 8% after heat treatment. This testing program was designed to help better 
understand how aging time affects transformation temperatures, how prestrain before and after 
heat treatment affects transformation temperatures, and how prestrain level affects transformation 
temperatures. It is important to note that the prestrain of the specimens was applied in compression. 
Differential Scanning Calorimetry (DSC) tests were conducted on heat treated specimens to 
determine the transformation temperatures (Fig. 3.6). Specimens for DSC tests were carefully 
prepared by saw cutting the specimens to small samples of 15-35 mg (0.000033-0.000077 lb.) 
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weight, and then sanding the specimens with coarse and fine sand paper to produce a flat, clean, 
shining surface. In the DSC tests, each sample was heated to 200°C at a rate of 40°C per minute 
and then cooled to -100°C at the same rate using liquid nitrogen. Due to the limitation of the 
equipment used, it was not able to cool the specimens under -100°C. Heat flow was measured 
during heating and cooling. Unit weight heat flow verses temperature of each sample is plotted in 
Fig.3.7.  
 
Table 3.2: FeNiCoTi transformation temperatures summary for different heat treatment schemes 
Specimen Heat Treatment 
fM
(°C) 
sM
(°C) 
sA
(°C) 
fA
(°C) 
SP-1 600°C, 6 hours, no prestrain -100 -75 24 61 
SP-2 600°C, 10 hours, no prestrain -100 -68 - - 
SP-3 600°C, 10 hours, 3.5% prestrain after heat treatment - - 162 171 
SP-4 600°C, 10 hours, 5.2% prestrain after heat treatment - - 165 171 
 
 
Figure 3.6: DSC testing system. 
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Figure 3.7: DSC test results on FeNiCoTi SMAs. 
 
The spikes in the curves during heating or cooling represent the energy changes during 
phase transformation. Therefore, the transformation temperatures can be determined according to 
the start and finish temperatures of the spikes, sA  and fA  during heating, sM  and fM  during 
cooling. sM , sA  and fA  are marked in Fig. 3.7 for specimen SP-3 as an example to show how to 
identify transformation temperatures from the DSC results. Transformation temperatures of each 
case are summarized in Table 3.2. Comparing heat treatments at 600°C for 6 hours (SP-1) and 10 
hours (SP-2) with no prestrain showed similar sM  and fM . Although sA  and fA  for SP-2 were 
not detected by the test, the results from SP-1 were close to those reported by Sehitoglu et al. 
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(2006), and sA  was still within the room temperature range. It was concluded that although 
changing the heat treatment temperature and heating duration can alter the transformation 
temperatures, the change was not large enough to shift sA  outside of typical ambient temperature 
range. However, when the specimens were prestrained, the transformation temperature hysteresis 
enlarged significantly and all examined cases showed sA  and fA  values of about 165°C and 
171°C, respectively. During cooling, there was no spike shown in the prestrain after heat treatment 
cases, indicating sM  and fM  were below -100°C. Comparing SP-3 with SP-4 showed that both 
specimens had similar sA  and fA , but SP-3 showed higher sM  and fM  temperatures. However, 
considering the application of active confinement technique, this difference in sM  and fM  should 
has no major effect, since these temperatures are much lower than common ambient temperatures, 
even in very cold climate conditions. Therefore, aging treatment of 600°C for 10 hours with certain 
range of prestrain (3%-8%), before or after heat treatment, can produce FeNiCoTi alloy that 
possesses a wide transformation temperature hysteresis with sM  and sA  outside the window of 
typical ambient temperatures. 
 
3.2.2 Thermomechanical Testing 
 Beside transformation temperatures discussed in the previous section, further investigation 
of the thermomechanical properties of Fe-29Ni-18Co-4Ti alloy is needed to better understand the 
following: (1) the relationship between tensile prestrain level and the amount of recovery stress; 
(2) the effect of heating method and heating temperature on the level of recovery stress; (3) how 
recovery stress is affected by thermal cycling; (4) mechanical cyclic behavior after stress recovery; 
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and finally (5) how FeNiCoTi SMAs behave after being re-heated to recover residual strain 
induced by a cyclic tensile test. 
 
3.2.2.1 Recovery Stress Test Results and Mechanical Properties after Stress Recovery 
 To investigate how much recovery stress FeNiCoTi alloy can achieve, different heating 
methods and different tensile prestrain levels of the FeNiCoTi samples were examined to 
investigate a proper tensile prestrain level and heating method to trigger sufficient recovery stress 
for SMA confinement technique, which are summarized in Table 3.3. Note that tensile prestrain 
percentage in the table represents the residual strain after unloading when applying tensile prestrain 
to the specimens. 
 
Table 3.3: Summary of FeNiCoTi alloys recovery stress test matrix  
Label Heating Method  Tensile Prestrain (%)  
Electric-1 Electrical resistivity to 380°C  with rate of 1.5A/min 4.0 
Electric-2 Electrical resistivity to 380°C  with rate of 0.5A/min 4.0 
Electric-3 Electrical resistivity to 250°C  with rate of 0.5A/min 4.0 
Electric-4 Electrical resistivity to 380°C  with rate of 1.5A/min 5.5 
Electric-5 Electrical resistivity to 440°C  with rate of 1.5A/min 5.5 
Electric-6 Electrical resistivity to 380°C  with rate of 1.5A/min 7.0 
Torch-1 Propane Torch 2.6 
Torch-2 Propane Torch 2.6 
Torch-3 Propane Torch 4.0 
Torch-4 Propane Torch 5.5 
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(1) Electrical Resistivity Heating Results and Analysis 
First, heating the FeNiCoTi specimens using electrical resistivity was explored. Fig. 3.8 
displays the setup for electrical resistivity heating. SMA specimens were cut from raw material 
into dog-bone shaped specimens with a reduced section of 1 mm × 3 mm × 25.4 mm (0.0394 in × 
0.1181 in × 1.0 in). Aging treatment of 600°C for 10 hours were done to the raw specimens before 
electrical resistivity heating tests. Before heating the specimens, prestrain was applied through 
uniaxial tension. Extensometer with 25.4 mm (1.0 in) gauge length was used to measure the strain 
during the tensile test. Specimens were first loaded to a target strain with a rate of 0.005 mm/sec 
(0.0002 in/sec) and then unloaded at the same rate. Then, the specimens were connected to a power 
supply and a thermocouple was attached to the specimen to measure the temperature during heating. 
The current intensity was monitored during heating to control the heating rate.  
 
 
Figure 3.8: Experiment setup for electrical resistivity heating. 
 
It is important to note that as shown in Fig. 3.8, not the whole length of the specimen 
between the two grips was inside the heating circuit. Since only the recovery stress of the portion 
inside the circuit was fully activated through electrical resistivity, while the rest of the specimen 
Power 
Supply
Thermo-
couple
0L 1L
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length was partially activated through thermal conduction, it was necessary to adjust the measured 
recover stress accordingly using the following formula:   
 0 1 02 /r mL L L                                                        (3.1) 
where, 
0L  is the specimen total length between grips; 1L  is the specimen heating length within 
circuit; 
m  is the recovery stress measured during the test; and r  is the corrected recovery stress.  
The tensile stress-strain relation of Electric-1 in the prestrain process is shown in Fig. 3.9(a). 
Note that positive stress in this study represents tension and negative represents compression. 
Electric-1 was first loaded to 4.5% tensile strain with an elastic modulus of 160 GPa (23206.0 ksi) 
and a tensile yield stress of 321 MPa (46.6 ksi). Yield stress is defined as the stress at 0.2% strain 
using the 0.002 strain offset method (Smith 2003). The tensile stress reached a value of 576 MPa 
(83.5 ksi) at 4.5% strain. After unloading, a 4.1% residual strain was recorded. Fig. 3.9(c) and Fig. 
3.9(d) display the stress-time relation and temperature-time relation, respectively during heating 
to illustrate the development of recovery stress in the specimen. At the onset of heating, 
temperature rapidly increased to 150°C, due to the minimum ampere capacity of the circuit. After 
that, ampere was controlled to maintain an increase rate of 1.5A/min, which resulted in a 
temperature increase rate of 0.3°C/sec. During heating, the stress developed in the specimen was 
compressive and gained more compressive stress as the temperature increased because of thermal 
expansion. However, after the compressive stress reached a maximum value, higher temperature 
was not able to induce more compressive stress. Since the austenite transformation temperatures 
of FeNiCoTi alloys are relatively high, the stress recovery was not activated at the beginning of 
the heating. However, as the temperature increased, when the tensile recovery stress developed 
exceeded the compressive stress developed due to thermal expansion, the compressive stress 
started decreasing. It took a total of 12 minutes to heat Electric-1 specimen to 380°C. Then, 
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electrical source was removed and the temperature dropped to room temperature after 14 minutes. 
The recovery stress became stable at 340 MPa (49.3 ksi) as the temperature returned to room 
temperature. Finally, cyclic tensile test was carried out as the specimen was kept restrained by the 
grips at the two ends after the activation of stress recovery and the stress-strain relation under 
cyclic loading is shown in Fig. 3.9(b). The cyclic behavior of the specimen represents the loading 
demands on the alloy when used in real structures subjected to seismic loading. The unloading 
moduli at 0.2% strain was 146 GPa (21175.5 ksi) and gradually decreased to 135 GPa (19580.1 
ksi) when strain reached 3%.  
 
    
Figure 3.9: Electric-1 tensile stress-strain relation (a) before and (b) after heating; (c), (d) 
temperature and corresponding stress during heating. 
 
 Other specimens heated by electrical resistivity using different prestrain levels, different 
heating temperatures, and heating rates followed the same pattern as specimen Electric-1. All test 
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results are summarized in Table 3.4, including residual prestrain 
resi , heating temperature T , 
heating rate  , elastic modulus during prestrain preE , heating time Heatt , recovery stress r , 
unloading modulus at 0.2% and 3% strain 0.2unE , 3.0unE , respectively, and tensile stress at 3% strain 
3.0  during cyclic loading tests conducted after stress recovery.  
 
Table 3.4: Electrical current heating specimens test results 
Label 
resi  
(%) 
T  
(°C) 
  
(A/min) 
preE  
(GPa) 
Heatt  
(min) 
r  
(MPa) 
0.2unE  
(GPa) 
3.0unE  
(GPa) 
3.0  
(MPa) 
Electric-1 4.1 380 1.5 160 12 340 146 135 686 
Electric-2 4.1 380 0.5 122 60 342 - 113 605 
Electric-3 4.1 250 0.5 143 26 165 147 137 - 
Electric-4 5.5 380 1.5 151 11 416 129 121 722 
Electric-5 5.5 440 1.5 134 23 419 123 116 735 
Electric-6 7.0 380 1.5 - 12 303 128 122 621 
 
 Electric-1 and Electric-2 were both prestrained to the same strain level and heated to 380°C. 
The only difference was the heating rate, in which Electric-1 had a heating rate three times that of 
Electric-2’s. However, the recovery stress difference for these two samples was only 0.6%, which 
indicated that the heating rate did not affect much the recovery stress. Comparing Electric-2 and 
Electric-3 specimens, Electric-2 was heated to a higher temperature (380°C) than that of Electric-
3 (250°C), using the same prestrain level and heating rate. According to the results, Electric-2 
ended up with a recovery stress of 342 MPa (49.6 ksi), which was about two times that of Electric-
3. As for Electric-3, since it was not fully activated, after recovery stress reached a plateau, the 
specimen was re-heated to 380°C with a rate of 1.5A/min and appeared to have a recovery stress 
of 317 MPa (46.0 ksi), which was just 7.3% lower than that of Electric-2. Therefore, one can 
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conclude that 250°C is not sufficient to fully activate the recovery stress of FeNiCoTi alloys. 
Comparing Electric-4 and Electric-5, they were both subjected to the same prestrain level and 
heating rate, but Electric-5 was heated to a higher temperature (440°C) than Electric-4 (380°C). 
However, the difference in the recovery stress between these two specimens was only 0.7%, which 
demonstrated that 380°C was sufficient to fully activate the recovery stress in FeNiCoTi alloys 
and a higher temperature was unnecessary. Comparing Electric-1, Electric-4 and Electric-7, one 
can notice that 5.5% residual prestrain was the optimum prestrain level, which resulted in a 
maximum recovery stress among the tested specimens, and 7.0% residual prestrain was large 
enough to induce permanent damage to the sample, which limited the development of recovery 
stress during heating. With respect to the elastic modulus, although the elastic modulus during 
cyclic loading was lower than that was recorded during the initial prestraining of the specimens, 
the differences were generally less than 10%. During cyclic loading, the loading and unloading 
elastic moduli were quite close at 0.2% strain and at 3% strain.  
   
(2) Torch Heating Results and Analysis 
 In order to investigate the effect of heating methods on recovery stress of FeNiCoTi alloys, 
besides electrical resistivity heating, propane torch heating was also examined. The same size of 
specimens was utilized in torch heating tests as in electrical resistivity heating. However, different 
heating time and heating procedures were investigated to find out a proper torch heating method. 
Table 3.5 summarizes the test results of torch heating and Fig. 3.10 exhibits stress-time relation 
during heating for all four torch heating specimens. Torch-1 and Torch-2 were both prestrained to 
3% strain and after unloading, a 2.6% residual prestrain was recorded. Torch-1 was heated using 
3 cycles with a heating duration for each cycle less than 2 minutes, while Torch-2 was heated using 
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only one cycle with a heating time of 3 minutes. Even though Torch-1 and Torch-2 used different 
heating protocols, their recovery stresses turned out to be quite similar with a difference of only 
5.7%. This indicates that different torch heating protocols do not affect the recovery stress. Torch-
3 was prestrained to 4.5% and had a residual prestrain of 4.1%. It was heated gradually in three 
cycles by getting the flame closer in each cycle. Each cycle lasted for about 3 minutes. One can 
notice from Fig. 3.10 that the recovery stress reached 293 MPa (42.5 ksi) at 11 minutes after the 
third heating cycle. However, recovery stress still exhibited slight increase trend 11 minutes after 
torch removal, even when the temperature of the specimen had already returned to room 
temperature (22°C). That means that the recovery stress requires enough time to develop and 
become stable. Torch-4 was heated until glowing and cooled by liquid nitrogen to a maintained 
temperature of 20°C for about 25 minutes with a recovery stress of 407 MPa (59.0 ksi). Comparing 
the recovery stress of Electric-4 (416 MPa [60.3 ksi]) and Torch-4 (407 MPa [59.0 ksi]), having 
the same level of prestrain, the difference between these two is only 2.2%. 
 
Table 3.5: Torch heating specimens test results 
Label 
resi  
(%) 
preE  
(GPa) 
Heating Procedure 
Recovery 
Stress
r (MPa) 
Torch-1 2.6 135 3 heating cycles, each cycle less than 2 minutes 228 
Torch-2 2.6 130 One heating cycle for 3 minutes 215 
Torch-3 4.1 160 
Gradually heating for 3 cycle as flame came 
closer in each cycle 
293 
Torch-4 5.5 134 
One heating cycle for 3 minutes, cooled down 
by liquid nitrogen and maintain at 20°C for 25 
minutes 
407 
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Figure 3.10: Stress developments of torch heated specimens during heating. 
 
3.2.2.2 Thermal Cyclic Test Results and Analysis 
 In civil engineering applications, structures are subjected to daily and seasonal temperature 
changes. Therefore, it is important to consider the structure behavior under different temperature 
conditions. To examine the recovery stress response of FeNiCoTi alloys when it is subjected to 
temperature changes, thermal cyclic tests were performed on specimen Torch-4 after recovery 
stress was activated. In order to control the temperature during thermal cycles, the specimen was 
griped inside a thermal chamber. Fig. 3.11 shows the recovery stress and corresponding 
temperature after removal of torch at the start of using chamber to control the temperature: (1) 
cooled down to 20°C and maintained this temperature for 25 minutes; (2) temperature was cycled 
between 40°C and -10°C at a rate of 10°C/min. As described in the previous section, recovery 
stresses of Torch-4 was 407 MPa (59.0 ksi). As the temperature was changed between 40°C and -
10°C, the recovery stress was also cycled between 372 MPa (54.0 ksi) and 550 MPa (79.8 ksi), 
respectively. Hence, as the temperature increased, the recovery stress decreased, and vice versa. 
This was mainly attributed to the sensitivity of the specimen to the thermal expansion and 
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contraction. Furthermore, Fig. 3.11 also demonstrates that heating the specimen from 20°C to 40°C, 
decreased the recovery stress by only 35 MPa (5.1 ksi); while cooling the specimen from 20°C to 
-10°C, increased the recovery stress by 143 MPa (20.7 ksi). That means that the recovery stress is 
more sensitive to cooling than to heating and there is no issues related to significant loss of 
recovery stress upon temperature changes under typical ambient temperature. One can also notice 
from Fig. 3.11 that there is a time lag for the response of stress to temperature changes, which 
indicates that the changes of recovery stress do not immediately follow the temperature changes. 
This is consistent with the observation in the previous section that the recovery stress requires 
enough time to develop although the temperature has reached a certain value. Therefore, from the 
thermal cyclic tests, a conclusion can be drawn that under typical climate conditions, the recovery 
stress will sustain minor reduction due to temperature changes and the stability of recovery stress 
makes this alloy suitable for civil structural applications. 
 
Figure 3.11: Recovery stress response of FeNiCoTi alloys under thermal cycles. 
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3.2.2.3 Re-heating of Deformed SMA Specimens 
 For the application of concrete active confinement, it has been demonstrated that during 
earthquake loading, the passive stress of SMA due to the dilation of the structure in addition to the 
thermally activated recovery stress is able to provide a combination of active and passive 
confinement to enhance strength and ductility of structure (Shin and Andrawes 2010). Since it is 
important to maintain the functionality of the structure after an earthquake, it is worthy to 
investigate whether the studied FeNiCoTi SMA is reusable after an earthquake. Therefore, it is of 
interest to examine the behavior of FeNiCoTi alloy which is subjected to deformations already 
under cyclic tensile loading when subjected to heating again. After specimen Torch-4 was 
subjected to thermal cycles between 40°C and -10°C as described in the previous section, a cyclic 
tensile test was performed to the specimen under a temperature of 40°C (controlled by thermal 
chamber) with a loading and unloading rate of 0.005 mm/sec (0.0002 in/sec) and an increment of 
0.25% strain in each cycle. The recovery stress at 40°C was 361 MPa (52.4 ksi) and as it was 
loaded, it reached a plateau at a stress value of 660 MPa (95.7 ksi) at 2% strain, with a residual 
strain of 1.7% strain upon unloading. This residual strain after cyclic loading motivated the authors 
to examine whether deformed SMA is able to maintain active confining pressure through reheating 
to activate SME. Therefore, specimen Torch-4 was re-heated by torch for 3 minutes and thermal 
chamber was used to cool it down to room temperature (24°C). After stress recovery, another 
cyclic tensile test was performed under 40°C with the same loading and unloading rates. As the 
temperature increased to 40°C, the recovery stress was 352 MPa (51.1 ksi), which was very close 
to the recovery stress at 40°C before re-heating (361 MPa [52.4 ksi]) with only 2.5% difference. 
Solid line and dash line in Fig. 3.12 shows the stress-strain behaviors at the first cyclic tensile 
loading after the thermal cyclic test and the second cyclic tensile loading after re-heating. Cyclic 
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behaviors before and after reheating the specimen show very similar stress-strain response and the 
level of recovery stresses are also close. It can be concluded that recovery stress and passive stress-
strain behavior of FeNiCoTi alloy is not affected by re-heating the material. This proves that the 
studied alloy is reusable after a major seismic event that causes the alloy to deform excessively; 
hence spirals made of FeNiCoTi alloy can maintain their functionality which is a critically 
important feature in the retrofit technique using SMA spirals.  
   
Figure 3.12: Torch-4 cyclic tensile stress-strain response before and after reheating at a 
temperature of 40°C. 
 
3.3 NiTiNb VS. FeNiCoTi 
 Figure 3.13 compares the recovery stress as well as the stress-strain behavior of prestressed 
FeNiCoTi alloy with that of the previously studied NiTiNb alloy, which is also characterized by 
relatively wide thermal hysteresis; hence is suitable for concrete active confinement application 
(Dommer and Andrawes 2012).  
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Figure 3.13: Comparison of post stress recovery behavior of NiTiNb and FeNiCoTi alloys at 
room temperature. 
 
Figure 3.13 shows that the recovery stress of the NiTiNb alloy (556 MPa [80.6 ksi]) is 
approximately 1.3 times that of the FeNiCoTi alloy (416 MPa [60.3 ksi]). However, comparing 
the backbone curve from the cyclic tensile test of Electric-4 with the monotonic tensile test 
conducted by Dommer and Andrawes (2012) on NiTiNb alloys fully activated by chamber heating 
reveals distinct difference in the response of both alloys. The stress-strain behavior of prestrained 
NiTiNb alloy does not show obvious elastic branch, while FeNiCoTi alloy appears to have a linear 
elastic branch up to a stress of 668 MPa (96.9 ksi). This feature enables FeNiCoTi alloys to behave 
elastically at the beginning of loading without accumulating plastic strain. In addition, the initial 
elastic modulus of FeNiCoTi alloy is much higher than that of NiTiNb alloy, which means that 
FeNiCoTi alloy is stiffer than NiTiNb alloy. These two features enable concrete structure 
retrofitted by FeNiCoTi alloy to undergo certain amount of elastic behavior under small applied 
load without accumulating any irrecoverable strain. Furthermore, even though FeNiCoTi alloy has 
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lower recovery stress at the beginning, as the material is loaded, the stress from FeNiCoTi alloy 
starts to exceed that from NiTiNb alloy at a strain of 0.12%; hence can reach a similar level of 
stress of about 750 MPa (108.8 ksi) at 2% strain. Furthermore, the increase in the amount of 
material used due to the smaller recovery stress of FeNiCoTi alloy compared to NiTiNb alloy will 
most likely be compensated by the reduction in the cost associated with using FeNiCoTi alloy 
instead of NiTiNb alloy.  
 
3.4 CONCLUSIONS 
 This chapter first presented a type of commonly used SMA (NiTiNb) in the SMA 
confinement technique, and then focused on discussing the experimental investigation of a more 
cost-effective Fe-29Ni-18Co-4Ti alloy with the aim of promoting the SMA confinement technique 
application. Tests were conducted to investigate: (1) a proper heat treatment of FeNiCoTi alloys 
that can produce suitable transformation temperatures for SMA confinement technique; (2) a 
proper prestrain level and heating method that can produce sufficient recovery stress; (3) cyclic 
performance after stress recovery; and (4) stability of recovery stress under temperature variations. 
According to the test results, the following conclusions can be drawn:  
 Recrystallization at temperature of 1100°C for 10 minutes followed by aging treatment of 
600°C for 10 hours was found to be effective with FeNiCoTi alloy to obtain suitable 
transformation temperatures for SMA confinement technique; specimens with different 
prestrain levels had almost the same transformation temperatures.  
 The optimum residual prestrain of FeNiCoTi alloy was 5.5%; a heating temperature of 380°C 
was sufficient to fully activate the recovery stress; and when fully activated, FeNiCoTi alloy 
possessed a recovery stress of 416 MPa (60.3 ksi) at room temperature.  
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 Heating methods, heating rates and heating protocols did not affect the recovery stress. 
 Thermal cyclic tests conducted on FeNiCoTi alloy between 40°C and -10°C showed an 
average recovery stress of 456 MPa (66.1 ksi) and the reduction of recovery stress due to 
temperature changes was minor, which indicated stability of recovery stress under typical 
ambient temperatures. 
 Active recovery stress and passive stress-strain behavior of FeNiCoTi alloy were not affected 
by re-heating the material, which allowed the material to retain its functionality through 
reheating after being subjected to excessive deformation. 
 Although FeNiCoTi alloy showed lower recovery stress than NiTiNb alloy, FeNiCoTi alloy 
sustained higher tensile stress than NiTiNb alloy when passively loaded to a tensile strain 
level that exceeded 0.12%. 
 Compared to NiTiNb alloy, FeNiCoTi alloy exhibited a much higher initial elastic modulus 
and remained linear elastic up to a stress of 668 MPa (96.9 ksi), which allowed the specimen 
to behave elastically at the beginning of loading without plastic strain accumulation.   
 
 In conclusion, based on the thermomechanical properties of Fe-29Ni-18Co-4Ti alloy 
discussed in this chapter, it can be concluded that this alloy possesses very promising and attractive 
features that can potentially be useful in civil structural applications in general, and as transverse 
spirals for active concrete confinement in particular. The cost effectiveness of the studied 
FeNiCoTi alloy compared to other NiTi-based alloys is one of its greatest assets, which makes it 
even more promising for civil structural applications.     
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CHAPTER 4 SMA CONFINED NON-CIRCULAR CONCRETE SECTIONS  
 
Previous researches (Andrawes et al. 2010; Shin and Andrawes 2010 and 2011) have 
proven that using SMA is an easy and robust method to apply active confinement, and is superior 
to passive confinement technique in terms of improving the strength and ductility of circular 
concrete elements. However, in these studies, the investigation of using SMA for concrete 
confinement mainly focused on using SMA spirals for circular sections. In practice, besides 
circular columns, many existing square or rectangular RC columns are in need for retrofit or repair. 
A great amount of studies have explored the methods and effectiveness of using steel jackets, 
external prestressing bars and FRP jackets for retrofitting square/rectangular columns (Priestly et 
al. 1994a, 1994b; Saatcioglu and Yalcin 2003; Miyagi et al. 2004; Nesheli and Meguro 2006; 
Nakada and Yamakawa 2008; Moghaddam et al. 2010). However, mostly all of the studies showed 
that the effect of confinement was greatly reduced at the corners; hence the overall behavior of the 
confined element was affected. Abbasnia et al. (2012) studied the corner effect of FRP confined 
prisms and proposed a shape factor equation to describe the reduced confining pressure as the 
corner became sharper. To overcome this corner issue in non-circular elements, many researchers 
suggested using rounded corners when applying FRP jackets to square/rectangular sections (Lam 
and Teng 2003; Abdel-Mooty et al. 2006; Rousakis and Karabinis 2012), in order to reduce stress 
concentration at the sharp corners. Even though the rounded corner section is able to improve the 
overall behavior of the confined concrete when compared to a sharp corner section, it did not solve 
the problem completely as FRP wrapped concrete elements still failed at the corner due to 
premature rupture of FRP (Campione 2006; Abbasnia et al. 2012). Moreover, the hardware, time 
and labor required for shaping round corners limits the wide application of the FRP jackets in 
56 
 
retrofitting non-circular RC columns. Due to the advantages of the SMA confinement technique 
for saving time, labor, and the superiority proved by SMA confined circular columns, exploring 
an innovative and effective way to apply SMA confinement in non-circular sections is in great 
need. This chapter presents two sets of experiments on investigating the feasibility of applying 
active confinement using SMA wires to confine concrete prisms. One of these two sets of 
experiments involved hole-drilling through the concrete when installing the SMA wires, while the 
other set was to provide active confinement using four aluminum angles without the need of hole-
drilling. The following sections illustrate these two sets of tests in two different sections.  
 
4.1 SMA CONFINEMENT USING ALUMINUM ANGLES 
4.1.1 Preliminary Design and Finite Element Analysis 
 Figure 4.1 shows a schematic drawing of the first designed SMA confinement scheme for 
non-circular section by implementing four aluminum angles at the four corners of the concrete 
prism. SMA wires were then wrapped on top of the aluminum corners, which helped to reduce the 
effect of stress concentration at the sharp corners. Besides, with the help of the aluminum corners, 
SMA wires can be installed continually as spirals, and this approach can simplify the retrofitting 
process—with no need for pre-bending as it was done traditionally for internal steel transverse 
reinforcement in non-circular sections. The dimensions of the concrete prisms tested were 125.4 
mm × 125.4 mm × 254 mm (6 in × 6 in × 10 in). The configuration and dimension of the aluminum 
corners were designed using finite element analysis by varying the parameters t , h  and b  shown 
in Fig. 4.1(b). Table 4.1 summarizes the three design schemes examined using finite element 
analysis. Fig. 4.2 shows the principal compressive stress distribution of these three design schemes 
with a pitch spacing of 30.38 mm (1.2 in). In all three design schemes, stress concentration 
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appeared under the aluminum corners, then gradually decreased and converged to a certain value 
in the radial direction toward the core concrete. The finite element analysis shows that the smaller 
the corner width ( b ) and corner thickness ( t ), the more stress concentration the concrete 
encounters, which means the larger the aluminum corners, the more uniform stress distribution can 
achieve. However, one should note that, the more additional material added to the structure, the 
more it changes the weight and stiffness of the structure, and hence changing the fundamental 
period of the structure. One should also notice from the finite element analysis that although more 
stress concentration was observed in the second [Fig. 4.2(b)] and the third [Fig. 4.2(c))] design 
schemes, the difference on average confining pressure is only about 12.5%.  Therefore, a smaller 
size of aluminum angles was chosen in this study in order to reduce the influence on the overall 
stiffness and weight of the retrofitted structure. All the dimensions of the design angle were 
rounded to the nearest quarter inch for simplicity in the manufacture of the aluminum angles, and 
hence the final design of the aluminum angles was b  equal to 19.05 mm (0.75 in), h  equal to 12.7 
mm (0.5 in) and the radius of the round corner equal to 31.75 mm (1.25 in).  
 
                        
(a) 3-D View                                                 (b) Plan View 
Figure 4.1: Schematic drawings of SMA confined non-circular concrete with aluminum angles. 
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Table 4.1: Dimension of three design confinement schemes 
b (mm) h (mm) t (mm) Average Active Confining Pressure (MPa [ksi]) 
38.1 15.24 7.34 0.924 [0.134] 
19.05 15.24 7.34 1.048 [0.152] 
38.1 15.75 0 0.917 [0.133] 
 
 
Figure 4.2: Principal compressive stress (MPa) distribution at mid-height of the three design 
schemes in Table 4.1. 
 
4.1.2 Experimental Tests 
4.1.2.1 Test Setup and Instrumentations 
 In order to examine the effectiveness of the retrofitting scheme described in the last section, 
an experimental program was designed and carried out on six 125.4 mm × 125.4 mm × 254 mm 
(6 in × 6 in × 10 in) concrete prisms. Three types of confinement were examined: (1) one SMA 
confined specimen: SMA spirals with aluminum angles attached using pitch spacing of 11.43 mm 
(0.45 in); (2) two steel confined specimens: steel spirals with aluminum angles attached using pitch 
spacing of 10.16 mm (0.4 in) and 13.97 mm (0.55 in); (3) two glass-fiber reinforced polymer 
(GFRP) confined specimens: 9 layers and 12 layers of GFRP jackets. The pitch spacing of SMA 
confined specimen was chosen to match the total volume of SMA wires used in the second 
retrofitting scheme, which will be described in the next section. As described in Chapter 2, SMA 
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confinement is a combination of active and passive confinement. Active confining pressure is 
applied to the concrete prior to loading and the passive confining pressure develops during loading 
as concrete dilates. Therefore, the two different pitch spacing of steel spirals confined specimens 
and the two different numbers of layers of GFRP jackets of the FRP confined specimens were 
designed to have the same level of active confining pressure and total confining pressure as the 
SMA confined specimens. The confining pressure of confined concrete was calculated according 
to Mander et al. (1988b). The initial recovery stress and yield stress along the SMA wires were 
estimated to be equal to 607 MPa (88 ksi) and 827 MPa (120 ksi), respectively, according to the 
conducted tensile coupon test results (see Fig. 5.3). The diameter and the yield strength of the steel 
wires were 2.7 mm (0.106 in) and 359 MPa (52 ksi), respectively. GFRP jackets with a thickness 
of 0.6 mm (0.024 in), Young’s modulus of 12411 MPa (1800 ksi) and ultimate strain of 0.01 
mm/mm were utilized. The prisms were cyclically loaded by displacement control using a 2.7 MN 
(600 kips) MTS uniaxial servo-controlled hydraulic machine with a loading strain rate of 0.5% 
/min and a strain increment of 1.0% in each cycle. Lateral and axial strain gauges with a gauge 
length of 10 mm (0.4 in) were attached to each side of concrete surface at mid-height of the 
specimens. Wire strain gauges with a gauge length of 2 mm (0.0787 in) were also attached to 
measure the deformation of SMA and steel wires. Axial extensometers were used to measure the 
axial compressive strain of the concrete prisms. Two 125.4 mm × 125.4 mm × 25.4 mm (6 in × 6 
in × 1 in) steel plates were placed on top and bottom of the specimens to prevent the contact of 
load frame and aluminum corners during loading. Fig. 4.3 demonstrates the SMA confined, steel 
confined and GFRP confined specimens before testing. SMA wires was heated using propane torch 
to activate the stress recovery prior to loading. 
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Table 4.2: Characteristics of concrete specimens for confinement scheme with aluminum angles 
Label 
Wire 
Pitch 
(mm) 
FRP 
Thickness 
(mm) 
Active 
Confining 
Pressure (MPa) 
Passive 
Confining 
Pressure (MPa) 
Total Confining 
Pressure (MPa) 
As-built - - 0 0 0 
Angle-SMA 11.43 - 2.65 0.97 3.62 
Angle-Steel-1 13.97 - 0 3.19 3.19 
Angle-Steel-2 10.16 - 0 3.61 3.61 
GFRP-1 - 5.72 0 2.65 2.65 
GFRP-2 - 7.62 0 3.54 3.54 
 
 
Figure 4.3: SMA confined, steel confined and GFRP confined specimens before testing. 
 
4.1.2.2 Test Results 
 Figure 4.4 displays the stress-strain curves of the as-built, SMA confined, steel confined 
and GFRP confined specimens. Fig. 4.5 shows various instants of specimen Angle-SMA before, 
during and after loading. Compared to the unconfined concrete, the peak strength of specimens 
Angle-SMA, Angle-Steel-1, Angle-Steel-2, GFRP-1 and GFRP-2 increased 41.6%, 14.1%, 12.3%, 
21.2% and 29.0%, respectively, which clearly shows that with active confining pressure applied 
to concrete prior to loading, SMA confinement is more effective in improving the strength of 
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concrete structure, compared to passive confinement. However, it was observed during the test 
that, for the retrofitting scheme using aluminum angles at the four corners, as the concrete dilated 
excessively, concrete damages concentrated at the locations between the angles, where confining 
pressure cannot effectively apply to the structures. Therefore, one can find in Fig. 4.4 that after 
reaching the peak, for specimens Angle-SMA, Angle-Steel-1 and Angle-Steel-2, strength 
degraded significantly. This also can be found from Fig. 4.5 that, as applied displacement increased, 
concrete between the angles dilated extensively, because of the initial gaps between the SMA wires 
and the concrete, which allowed the concrete to dilate without any restraint. No wires (SMA or 
steel) fracture was observed for steel or SMA retrofitted specimens, because the specimens kept 
losing concrete volume during loading without fully relying on the SMA/steel wires.  
 
 
Figure 4.4: Stress-strain relation comparison among as-built, SMA confined, steel confined and 
FRP confined. 
 
62 
 
 
Figure 4.5: Specimen Angle-SMA before, during and after loading. 
 
4.2 SMA CONFINEMENT WITH DRILLED HOLES 
4.2.1 Preliminary Design and Finite Element Analysis 
Initially, three different schemes of applying SMA confinement to square concrete prisms 
using SMA wires and without using aluminum angles were considered as shown in Fig. 4.6. The 
dimensions of the concrete prisms used for this study were 125.4 mm × 125.4 mm × 254 mm (6 
in × 6 in × 10 in). The confining pressure was applied in the form of bearing pressure exerted on 
two opposite faces of the prism using hollow steel tubes of 12.7 mm × 12.7 mm (0.5 in × 0.5 in) 
cross section and 1.6 mm (0.063 in) thickness. The two opposite steel tubes were connected with 
straight SMA wires running perpendicular to the tubes. Fig. 4.6(a) shows the first SMA confined 
prism design (D-1), which applies SMA confinement in one direction externally using five pairs 
of tubes at a spacing of 58.4 mm (2.3 in) connected using external SMA wires; while Fig. 4.6(b) 
demonstrates the second design (D-2), which applies confining pressure bi-directionally using 
external SMA wires connecting alternating pairs of steel tubes with spacing of 58.4 mm (2.3 in); 
and Fig. 4.6(c) displays the third design (D-3), where bi-directional confining pressure is applied 
using internal SMA wires connecting alternating pairs of steel tubes with spacing of 58.4 mm (2.3 
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in). The SMA wires were inserted through two drilled holes located at a horizontal distance of 76.2 
mm (3 in). The three described schemes were designed to examine the impact of using 
unidirectional (D-1) versus bidirectional confinement (D-2 and D-3), and the effect of changing 
the horizontal spacing between the SMA wires (D-2 vs. D-3).  
 
 
                (a) D-1                                       (b) D-2                                         (c) D-3 
Figure 4.6: Initially considered SMA confinement schemes. 
 
To illustrate the concept of confinement using the described schemes, Fig. 4.7 shows the 
cross section of the prism at the level of any pair of tubes along the height before and after heating 
the SMA wires. After prestrained SMA wires are installed and anchored to the steel tubes, the 
wires are heated to a temperature above the austenite finish temperature fA . Heating the 
constrained wires induces recovery stress in the wires, which causes the steel tubes to bear on the 
concrete surface as illustrated in Fig. 4.7(b).   
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(a) before heating                           (b) after heating 
Figure 4.7: Prism cross section: (a) before heating and (b) after heating. 
 
 As a preliminary stage in this study, finite element (FE) analysis using ABAQUS was 
carried out to explore numerically the behavior of the three proposed schemes. The purpose of the 
preliminary study was to determine which of the three designs to be considered in the experimental 
stage of the research. Fig. 4.8 shows the FE models developed for the three design schemes (D-1, 
D-2 and D-3). 4-node tetrahedron elements were used to model steel tubes and 8-node solid 
elements were used to model SMA wires, concrete and mechanical clamps. The coefficient of 
friction between concrete and steel tubes was assumed to be 0.5. Tie constraint was employed at 
the interfaces between mechanical clamps and steel tubes and between SMA wires and mechanical 
clamps, in which the displacements at the connected points between the two surfaces in contact 
were identical. No slip was assumed between the SMA wires and mechanical clamps, or between 
the steel tubes and mechanical clamps. Steel tubes, concrete prisms and SMA wires were modeled 
to behave elastically during the activation of the SME; the mechanical clamps were assumed to be 
rigid. Recovery stress of SMA wires was assumed to be 513 MPa (74.4 ksi) in these models based 
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on tests conducted by Dommer and Andrawes (2012), and was simulated by assigning initial stress 
in SMA wires.  
 
                    (a) D-1                                          (b) D-2                                          (c) D-3 
Figure 4.8: Finite element models of the three design schemes. 
 
Figure 4.9 demonstrates the Mises stress distribution of SMA confined concrete prisms (D-
1, D-2 and D-3) after activating the shape memory effect for the cross section at the same height 
of the mid-height SMA wires. Because of the shorter horizontal spacing between the SMA wires 
in the D-3 scheme versus the other two schemes, in the FE analysis, the steel tubes in D-3 exhibited 
full contact with the concrete surface unlike in D-1 and D-2 cases where the tubes were in partial 
contact especially at the corners due to the bending of the tubes, which resulted in non-uniform 
distribution of the active confining pressure and stress concentration at the corners of the prisms 
confined by D-1 and D-2 schemes. The absolute value between the maximum and minimum Mises 
stresses experienced by the mid-height cross section under the SMA wires reported from the FE 
analysis (see Fig. 4.9) in D-1, D-2 and D-3 were 3.276 MPa (0.475 ksi), 3.287 MPa (0.477 ksi), 
and 0.65 MPa (0.094 ksi), respectively. In addition, average active confining pressures for D-1, D-
2 and D-3 in Dir-X (four SMA confinement layers installed for D-2 and D-3, and no confinement 
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for D-1, see Fig. 4.8) and Dir-Y (five SMA confinement layers installed, see Fig. 4.8) were 0.28 
MPa (0.041 ksi), 0.57 MPa (0.083 ksi), and 0.61 MPa (0.088 ksi), respectively. As expected, the 
range of Mises stress resulting from using internal SMA wires (D-3) was much smaller than those 
from external SMA wires (D-1 and D-2) and the average active confining pressure resulting from 
using internal SMA wires (D-3) was higher than those from external SMA wires (D-1 and D-2), 
since applying SMA wires externally caused the stresses to concentrate at the corners as explained 
earlier. Therefore, placing SMA wires internally in both directions could distribute active 
confining pressure more uniformly, and be more effective in delaying the dilation of the concrete 
prisms. 
 
Figure 4.9: Mises stress distribution in the FE models (unit: MPa). 
 
4.2.2 Wire Anchorage Tests 
 Mechanical clamps were utilized to anchor the SMA wires (two on each side) to the steel 
tubes, in which holes were drilled for SMA wires to go through. Experimental tests were carried 
out to examine the capacity of the mechanical clamps used and confirm their ability to prevent 
SMA wires from slippage. In the anchorage system, two wires were bundled together for each hole 
of steel tubes at each layer, and anchored using U-clamps; totally four wires were used for one 
layer of confinement. Anchorage system test was conducted to investigate: (1) how many U-
67 
 
clamps are needed to prevent any slippage in the anchorage system as the shape recovery of SMAs 
wires is activated and concrete begins to dilate; (2) mechanical capacity of the anchorage system. 
Fig. 4.10 shows the test setup of the anchorage system when two U-clamps were used. U-clamps 
were used to hold two SMAs wires tight together and bear on the steel tube. Uniaxial tensile 
displacement was applied with a rate of 0.5 %/min. Different numbers of U-clamps were tested: 1 
U-clamp, 2 U-clamps, and 3 U-clamps. Fig. 4.11 compares the capacity of anchorage systems with 
different numbers of U-clamps. For the case of using one U-clamp, slippage happened when it 
reached a force of 2.58 kN (0.58 kips). As for the case of using two U-clamps, the maximum force 
before slippage was 4.45 kN (1 kips). When three U-clamps were tested, no slippage was observed 
and it achieved a force of 5.96 kN (1.34 kips) at 0.9 mm/mm. Using three U-clamps allowed the 
maximum force to reach as high as that from a pure SMA wire, which means no slippage would 
be allowed when using three U-clamps. The minimum required capacity of the anchorage is 3.56 
kN (0.8 kips) based on the test by Shin and Andrawes (2010), in which the maximum recovery 
stress of SMAs wires was 565 MPa (81.9 ksi). Nevertheless, even though using two U-clamps 
showed less capacity than using three U-clamps, it was able to reach a stress of 710 MPa (103 ksi), 
which was much higher than the maximum recovery stresses (565 MPa [81.9 ksi]) reported by 
Shin and Andrawes (2010). Therefore, using two U-clamps was satisfactory as an anchorage 
system to endure the anticipated active and passive confining pressures, and hence two U-clamps 
anchorage was adopted in the following tests. 
 
68 
 
 
Figure 4.10: U-clamps anchorage test setup. 
  
 
Figure 4.11: Wire anchorage test with different numbers of U-clamps. 
 
4.2.3 Experimental Tests 
4.2.3.1 Test Setup and Instrumentations 
 Bidirectional confinement schemes (D-2 and D-3) were adopted in this experimental study, 
since as demonstrated by the FE analysis, the unidirectional confinement (D-1) exhibited much 
less effectiveness than the bidirectional confinement (D-2 and D-3). A total of thirteen concrete 
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prisms were tested under uniaxial compressive loading. Table 4.3 presents the characteristics of 
the confinement types used in the study. As illustrated in the table, two types of confinement were 
considered: active confinement using SMA wires, and for comparison, passive confinement using 
GFRP jackets. The table presents the design confining pressures, volumetric ratios of confinement 
(GFRP jackets or SMA wires) and loading types used for each specimen. Note that the design 
confining pressure shown in Table 4.3 for FRP confined concrete specimens referred to maximum 
passive confining pressure at the onset of rupture of GFRP jackets; while the design confining 
pressure for SMA confined concrete specimens referred to active confining pressures calculated 
based on Mander et al. (1988b). SMA-1 prism was designed based on the D-2 scheme with a 
spacing of 58.4 mm (2.3 in) between the layers. SMA-2, SMA-3 and SMA-4 prisms were designed 
based on the D-3 scheme with internal SMA wires installed through holes drilled in the concrete 
with a horizontal spacing of 76.2 mm (3 in). SMA-2 had the same layout of the SMA wires and 
steel tubes as specimen SMA-1 except that the SMA wires were installed internally as explained 
earlier. SMA-3 and SMA-4 on the other hand, had eight layers of SMA confinement in each side 
with a layer spacing of 30.5 mm (1.2 in). SMA-1, SMA-2 and SMA-3 were monotonically loaded, 
while SMA-4 was cyclically loaded. The recovery stress of SMA wires (2.08 mm [0.082 in] 
diameter) used in SMA-1 and SMA-2 was 513 MPa (74.4 ksi) (Dommer and Andrawes 2012). A 
different batch of SMA wires was used in SMA-3 and SMA-4, and the recovery stress test 
conducted on the second batch revealed a recovery stress value of 607 MPa (88 ksi). According to 
Mander et al. (1988b), the average active confining pressures of SMA-1, SMA-2, SMA-3 and 
SMA-4 were estimated to be 0.7 MPa (0.102 ksi), 0.7 MPa (0.102 ksi), 1.7 MPa (0.247 ksi) and 
1.7 MPa (0.247 ksi), respectively. Fig. 4.12 shows the prepared SMA-1, SMA-2 and SMA-3 
specimens before testing.  
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Table 4.3: Characteristics of concrete specimens considered in the compressive test 
Type Label Confinement 
Design 
Confining  
Pressure 
(MPa) 
Volumetric  
Ratio of 
Confinement 
(%)  
Load 
Type 
1 
Unconfined-1 N/A 0 0 Monotonic 
Unconfined-2 N/A 0 0 Monotonic 
Unconfined-3 N/A 0 0 Monotonic 
Unconfined-4 N/A 0 0 Cyclic 
2 
FRP-1 3 layers of FRP 0.9 4.39 Monotonic 
FRP-2 4 layers of FRP 1.2 5.85 Monotonic 
FRP-3 5 layers of FRP 1.5 7.31 Monotonic 
FRP-4 6 layers of FRP 1.8 8.77 Monotonic 
FRP-5 4 layers of FRP 1.2 4.39 Cyclic 
3 
SMA-1 D-2 with 58.4 mm spacing  0.7 0.32 Monotonic 
SMA-2 D-3 with 58.4 mm spacing  0.7 0.32 Monotonic 
SMA-3 D-3 with 30.5 mm spacing 1.7 0.56 Monotonic 
SMA-4 D-3 with 30.5 mm spacing 1.7 0.56 Cyclic 
 
     
Figure 4.12: SMA confinement specimens. 
 
(a) SMA-1 (b) SMA-2 (c) SMA-3
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Table 4.4 summaries the material properties of concrete, SMA wires and GFRP jackets 
that were used in the experiment. GFRP jackets with a thickness of 0.6 mm (0.024 in), Young’s 
modulus of 12411 MPa (1800 ksi) and ultimate strain of 0.01 mm/mm were utilized. In order to 
reduce the influence from the sharp corners of the prisms confined with GFRP jackets, corners 
were rounded to a radius of 15.2 mm (0.6 in) using a grinder. The hand lay-up process was adopted 
to apply the GFRP jackets to the concrete prisms. The maximum confining pressure of GFRP 
confined prisms was estimated by considering the efficiency factor of GFRP jacket to be 0.5, and 
the shape factor to be 0.57. The efficiency factor is the ratio between the ultimate hoop strain in 
GFRP jacket of the GFRP confined concrete and the ultimate tensile strain of GFRP from a 
uniaxial tensile coupon test. It takes into account the reduction in confining pressure due to 
curvature and imperfection of the GFRP jacket (Xiao and Wu 2000; Lam and Teng 2004). The 
shape factor on the other hand, is used to account for the sharp corner effect (Campione 2006; 
Xiao and Wu 2000; Rousakis and Karabinis 2012), which reduces confinement effectiveness and 
induces stress concentration at corners. Note that the total confining pressure of using SMA 
confinement is the combination of the active confining pressure applied when recovery stress is 
initiated and the passive confining pressure developing during the test. However, the value shown 
in Table 4.3 is the active confining pressure only. On the other hand, the confining pressure shown 
in Table 4.3 for GFRP jacket is the passive confining pressure induced by the jacket at the onset 
of GFRP rupture. Therefore, different numbers of layers (3, 4, 5, and 6 layers) of GFRP jackets 
were selected to cover the range of total confining pressure from SMA confinement. A 2.7 MN 
(600 kips) MTS uniaxial servo-controlled hydraulic machine was used to conduct the uniaxial 
compressive tests with a loading strain rate of 0.5% /min. For SMA confined specimens, prior to 
conducting the tests electrical current was passed through the prestrained SMA wires to heat those 
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above the austenite finish temperature. Lateral and axial strain gauges with a gauge length of 10 
mm (0.4 in) were attached to each side of concrete surface at mid-height of the specimens. Axial 
extensometers were used to measure the axial compressive strain of the prisms. Four unconfined 
prisms were prepared and tested at the same days of testing the confined specimens.  
 
Table 4.4: Material properties of concrete, SMA and GFRP used in the experiment 
Concrete 
Property Specimen Value  
Compressive Strength (MPa) 
Unconfined-1 58.3 
Unconfined-2 50.7 
Unconfined-3 53.7 
Unconfined-4 59.3 
SMA 
Property Specimen Value 
Wire Diameter (mm) SMA-1, SMA-2, SMA-3, SMA-4 2 
Recovery Stress (MPa) 
SMA-1, SMA-2 513 
SMA-3, SMA-4 607 
GFRP 
Property Value 
Thickness (mm) 0.6 
Young’s Modulus (MPa) 12411 
Ultimate Strain (mm/mm) 0.01 
 
Figure 4.13 shows the active confining pressure development in specimens SMA-1, SMA-
2 and SMA-4 during heating based on lateral concrete strain measured from strain gauges attached 
on concrete surfaces. The strain gauges attached on the concrete surfaces were located at mid-
height. The heating process was completed one layer by one layer starting from the top to the 
bottom layer. As the SMA wires were heated, the confining pressures on the concrete gradually 
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developed. When the heating source was removed and the concrete temperature returned to room 
temperature, the confining pressures of SMA-1, SMA-2 and SMA-4 became stable and converged 
to certain values. Compared to SMA-2, the confining pressure development of SMA-1 appeared 
to have a spike at about 6000 second as shown in Fig. 4.13(a), that’s because SMA-1 was confined 
by external SMA wires and when the mid-height layer of the SMA wires were heated, the strain 
gauges, which were also attached on the mid-height concrete surface was affected by the heat from 
the wires. In addition, because of the externally applied SMA wires on specimen SMA-1, the effect 
of heat on the concrete surface strain gauges was greater on SMA-1 than on SMA-2, which SMA 
wires were internally applied. Therefore, the confining pressure of SMA-2 showed earlier 
convergence than that of SMA-1. Compared to SMA-1 and SMA-2, SMA-4 took much longer 
time to get converged, that is because the SMA wires spacing on SMA-4 was half of those on 
SMA-1 and SMA-2, and hence more heat was absorbed by the concrete during the heating of 
SMA-4. Therefore, SMA-4 needed more time to return to room temperature and get a stable 
confining pressure. Because concrete prisms were expected to behave elastically during heating, 
the active confining pressure on the concrete prisms can be calculated by multiplying the measured 
lateral concrete strain by the concrete elastic modulus, which was calculated based on the secant 
stiffness of the stress-strain curve at 60% of peak strength. As shown in Fig. 4.13(a), both SMA-1 
and SMA-2 displayed a confining pressure of about 0.7 MPa (0.1 ksi) at the end of the heating 
process when the temperature was stabilized. Fig. 4.13(b) also shows that for specimen SMA-4, 
after the temperature was stabilized, the final active confining pressure was founded to be 1.7 MPa 
(0.247 ksi). The measured confining pressures for all three specimens were consistent with the 
design active confining pressures (see Table 4.3).  However, due to damage in the strain gauges 
installed on SMA-3, their recorded strains were not realistic; hence were discarded.  
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(a) SMA-1 and SMA-2                                        (b) SMA-4 
Figure 4.13: Active confining pressure development during heating of (a) SMA-1, SMA-2 and 
(b) SMA-4. 
 
4.2.3.2 Test Results  
(1) SMA Confined Prisms under Monotonic Loading 
 Figure 4.14 shows the normalized compressive stress-strain curves of the monotonically 
loaded SMA confined prisms. Stress was normalized with respect to the peak strength of the 
unconfined prism tested at the same day. Although SMA-3 had the highest active confining 
pressure among all three specimens, the strength increase in SMA-3 was less than those in SMA-
1 and SMA-2. This was attributed to the effect of the drilled holes, which SMA wires were 
embedded through. After SMA-1 and SMA-2 reached their peak stress, a sudden drop in the 
strength was observed. This sudden drop was attributed to the relatively large spacing of the SMA 
confinement (58.4 mm [2.3 in]). In spite of the sudden drop, the applied active confining pressure 
and the large ultimate strain of the SMA wires played a great role in postponing the failure of the 
specimen and maintaining a considerable amount of its strength; hence resulting in a ductile 
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behavior. For specimens SMA-1 and SMA-2, the test was stopped without failure at an axial 
compressive strain of 0.028 mm/mm and 0.034 mm/mm, respectively. The residual strength 
maintained in both specimens at the end of the test was 44% and 42% of the peak strength, 
respectively. As for SMA-3, because of the higher active confining pressure with the smaller 
spacing of the SMA confinement (30.5 mm [1.2 in]) compared to SMA-1 and SMA-2, it was 
capable of delaying the dilation of concrete even more effectively. Therefore, after the peak stress 
was reached, the slope of the descending branch was much more moderate than those from SMA-
1 and SMA-2, and it maintained a residual stress of 64% of the peak strength before failure and 
reached an ultimate strain of 0.074 mm/mm. 
 
 
Figure 4.14: Monotonic SMA confined prism results.  
 
Figure 4.15 displays the damage of specimens SMA-1, SMA-2 and SMA-3 after the test. 
In SMA-1, because of the bending of steel tubes, the distribution of the confining pressure was not 
uniform and the confining pressure concentrated at the corners of the prism. Cracks developed 
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vertically at locations close to the corners of the prism due to stress concentration at this location 
as the FE analysis indicated earlier [see Fig. 4.9(b)]. Both SMA-2 and SMA-3 utilized the D-3 
design scheme, and hence they showed similar damage patterns. At the beginning of loading, 
damage developed close to the top and bottom portion of the prism that had less confinement than 
other locations. Then, as the specimen was loaded, vertical cracks developed through the holes. 
After the concrete reached the peak stress, already existing cracks started to propagate between the 
holes. Furthermore, steel tubes in both SMA-2 and SMA-3 specimens did not experience any 
visible bending throughout the test. 
 
Figure 4.15: Damage patterns of SMA confined prisms SMA-1, SMA-2, and SMA-3. 
 
(2) FRP Confined Prisms under Monotonic Loading 
Figure 4.16 shows the normalized stress-strain curves of the FPR confined prisms. Stress 
was normalized with respect to the peak strength of the unconfined prism tested at the same day.  
As shown in Fig. 4.16, as the number of layers of GFRP jackets increased, both the strength and 
ultimate strain of the FRP confined specimens increased. Maximum passive confining pressures 
from the FRP jackets were calculated based on the ultimate lateral strain measured by lateral strain 
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gauges attached on the GFRP jackets. Ultimate strain values were found to be equal to 0.009 
mm/mm, 0.01 mm/mm, 0.008 mm/mm and 0.013 mm/mm for specimens FRP-1, FRP-2, FRP-3 
and FRP-4, respectively; hence the corresponding maximum confining pressures were found to be 
2.8 MPa (0.406 ksi), 2.4 MPa (0.348 ksi), 2.4 MPa (0.348 ksi) and 3.8 MPa (0.551 ksi), 
respectively. The difference between the experimental confining pressures and the design values 
shown in Table 4.3 can be attributed to the underestimation of the efficiency factor and shape 
factor discussed previously; hence the ultimate strains of the GFRP jackets was greater than the 
initially estimated values.  
 
Figure 4.16: Monotonic FRP confined prism results. 
 
(3) SMA vs. FRP Prisms under Monotonic Loading 
 The purpose of testing FRP confined prisms was to compare their behaviors with the SMA 
confined prisms. The design active confining pressure of SMA-3 was 1.7 MPa (0.247 ksi) and the 
maximum measured passive confining pressure calculated for the same specimen based on the 
lateral concrete strain from lateral strain gauges attached to concrete surface was 0.13 MPa (0.019 
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ksi) before the strain gauge got damaged. Therefore, the maximum measured total confining 
pressure in SMA-3, including active and passive, was 1.83 MPa [0.265 ksi] (1.7 MPa + 0.13 MPa) 
[0.247 ksi + 0.019 ksi]. The monotonic response of SMA-3 was chosen to be compared with FRP 
confined specimens FRP-1, FRP-2, FRP-3 and FRP-4 with maximum total confining pressure of 
2.8 MPa (0.406 ksi), 2.4 MPa (0.348 ksi), 2.4 MPa (0.348 ksi) and 3.8 MPa (0.551 ksi), 
respectively. Stresses shown in Fig. 4.17 were normalized with respect to the unconfined concrete 
strength and strain from SMA-3 was plotted until 0.02 mm/mm in order to show clear comparison 
between SMA and FRP confinement. SMA-3 exhibited better ductility with an ultimate strain of 
8.4, 7.6, 9.5 and 5.8 times of those of specimens FRP-1, FRP-2, FRP-3 and FRP-4, respectively. 
SMA-3 also had a more gradual descending branch due to the active confinement from the SMA 
wires, which demonstrated greater effectiveness in terms of delaying the dilation of concrete and 
improving the ductility when compared to passive confinement.  
 
Figure 4.17: Comparisons of the monotonic behaviors of SMA-3 and FRP confined specimens. 
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(4) SMA vs. FRP Prisms under Cyclic Loading  
 Specimens Unconfined-4, FRP-5 and SMA-4 were cyclically loaded by displacement 
control using the hydraulic frame with a loading strain rate of 0.5% /min, and the loading protocol 
used for these specimens is shown in Fig. 4.18. The vertical axis of Fig. 4.18 is the displacement 
of the actuator, and the horizontal axis represents the number of loading cycle. Fig. 4.19 shows the 
response of SMA-4. The specimen reached a peak stress of 70.3 MPa (10.20 ksi) at a 
corresponding axial strain of 0.002 mm/mm. The concrete stress then suddenly dropped to 49.4 
MPa (7.16 ksi); 70% of the peak stress, and then decreased gradually. The strain of SMA-4 was 
maintained up to 0.074 mm/mm without failure, showing a residual stress of 31.9 MPa (4.63 ksi) 
(45% of the peak strength). Fig. 4.20 shows the comparison of the monotonic and cyclic 
compressive stress-strain behaviors of SMA confined prisms between SMA-3 and SMA-4. 
Cyclically loaded SMA-4 showed higher normalized strength than monotonically loaded SMA-3, 
but as SMA-4 dropped immediately after the peak, SMA-3 served as the envelop of SMA-4 until 
it reached a normalized stress of about 0.65. However, after that, monotonically loaded SMA-3 
maintained a normalized strength of about 0.65 until it failed at 0.076 mm/mm; while cyclically 
loaded SMA-4 decreased gradually in each cycle without failure and reached 0.074 mm/mm with 
a residual normalized strength of 0.54. 
 
Figure 4.18: Loading protocol of cyclically loaded specimens.  
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Figure 4.19: Cyclic behavior of SMA confined concrete prism (SMA-4). 
  
 
Figure 4.20: Comparison of monotonic and cyclic SMA confined concrete prisms’ behaviors. 
  
 Table 4.5 summaries the design and the measured confining pressures of all four tested 
SMA confined specimens. The measured active confining pressure of SMA-3 was discarded due 
to the damage of strain gauges. However, the measured active confining pressures of the other 
three specimens matched the design values (see Table 4.3). The measured passive confining 
pressures at peak stress shown in Table 4.5 were calculated based on the lateral strains when the 
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specimens reached their peak stresses using Mander et al. (1988b). Note that the maximum 
measured passive confining pressures were calculated based on the maximum measurable lateral 
strain values before strain gauges attached to the concrete surface got damaged. One can notice 
that the passive confining pressure developed due to the dilation of concrete is small compared to 
active confining pressure. 
 
Table 4.5: Confining pressure summary of SMA confined prisms 
Specimens SMA-1 SMA-2 SMA-3 SMA-4 
Design Active (MPa) 0.7 0.7 1.7 1.7 
Measured Active (MPa) 0.7 0.7 - 1.7 
Measured Passive at Peak Stress (MPa) 0.02 0.02 0.04 0.04 
Maximum Measured Passive (MPa) 0.11 0.17 0.13 0.22 
 
 Figure 4.21 compares the cyclic behaviors of specimens SMA-4, FRP-5, and Unconfined-
4. Note that SMA-4 exhibited an active confining pressure of 1.7 MPa (0.247 ksi) and a maximum 
measured passive confining pressure of 0.22 MPa (0.032 ksi), while FRP-5 sustained a total 
confining pressure of 2.1 MPa (0.305 ksi). Fig. 4.21(a) was only plotted until 0.02 mm/mm axial 
strain in order to show clear comparison of all three specimens under cyclic loading; however, the 
maximum measured axial strain of SMA-4 in the test was 0.074 mm/mm as indicated earlier. 
Similar to the monotonic test cases, FRP-5 showed slightly higher peak strength (7%) than SMA-
4 due to the existence of the holes in the SMA-4 specimen, but SMA-4 had ultimate strain 6.4 
times of that of FRP-5, because of the effectiveness of active confinement in improving ductility. 
Moreover, SMA-4 exhibited more rapid drop in the strength after the peak point compared to FRP-
5. However, stress degradation after the first drop in SMA-4 was more slowly compared to FRP-
5. Fig. 4.21(b) also compares the development of concrete lateral strain in all three specimens 
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before they reach their peak strength. Before reaching the peak stress, lateral strain of FRP-5 
generally followed the trend of Unconfined-4; however, SMA-4 showed a much smaller dilation 
(less lateral strain), due to the active confining pressure. When the normalized stresses of all three 
specimens reached one, the lateral strains for Unconfined-4, FRP-5 and SMA-4 were -0.001342 
mm/mm, -0.000486 mm/mm and -0.000258 mm/mm, respectively. Therefore, the lateral strain of 
SMA-4 was 53% of that of FRP-5 and 19% of that of Unconfined-4. This confirmed that the active 
confinement from SMA wires effectively delayed the dilation of concrete and hence increased the 
ductility of the concrete prism. 
 
  
                                            (a)                                                                          (b) 
Figure 4.21: Cyclic behavior of SMA-4 compared with FRP-5 and Unconfined-4: 
(a) normalized axial stress-axial strain relation; (b) normalized axial stress-lateral strain relation. 
 
(5) Stiffness Degradation under Cyclic Loading 
As plastic strain accumulated with each cycle, damages also accumulated in concrete 
specimens, and hence the stiffness of concrete at each cycle was expected to deteriorate. Therefore, 
by investigating the reduction in concrete stiffness during loading and unloading, damage 
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accumulation in concrete prisms was evaluated. Fig. 4.22 compares the stiffness degradation of 
Unconfined-4, FRP-5 and SMA-4 until reloading axial strain reached 0.01 mm/mm.  
 
Figure 4.22: Stiffness degradation of Unconfined-4, FRP-5 and SMA-4. 
 
The vertical axis represents the percentage of tangential modulus at each cycle to the elastic 
modulus and the horizontal axis represents the residual axial strain from the previous cycle, i.e. 
where the reloading cycle the stiffness shown in the vertical axis corresponding to started. 
Unconfined-4’s stiffness began to decrease at the fifth cycle with a corresponding reloading axial 
strain of 0.0000025 mm/mm, which was earlier than FRP-5 (at the seventh cycle with a 
corresponding reloading axial strain of 0.0000066 mm/mm) and SMA-4. SMA-4 was able to 
maintain the original stiffness until the eleventh cycle with a corresponding reloading axial strain 
of 0.00032 mm/mm, which indicated that active confinement helped delaying the dilation and also 
damage of concrete. Both FRP-5 and SMA-4 dropped to about 75% of the elastic modulus after 
the peak. Unconfined-4 and FRP-5 failed at stiffness of 85% (the eleventh cycle) and 74% (the 
fourteenth cycle) of elastic stiffness, with corresponding reloading axial strains of 0.00034 
mm/mm and 0.0079 mm/mm, respectively; while SMA-4 was able to maintain 79% of elastic 
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modulus at the fourteenth cycle with a corresponding reloading axial strain of 0.0080 mm/mm and 
stayed without failure until it reached 39% of its elastic modulus at the twenty-sixth cycle with a 
corresponding reloading axial strain of 0.059 mm/mm. Therefore, the SMA confinement was 
capable of mitigating the damage progresses of concrete and increasing the ductility of concrete.  
 
4.3 CONCLUSIONS 
 This chapter focused on investigating the feasibility of using SMA wires as a means of 
applying active confinement to non-circular concrete elements. Two sets of experiments were 
conducted on investigating the feasibility of applying active confinement using SMA wires to 
confine square concrete prisms. One of these two sets of experiments involved hole-drilling on the 
concrete when installing the SMA wires, while the other set was without the need for hole-drilling. 
Finite element method was used first to design the SMA confinement schemes. Based on the finite 
element analysis, experimental tests were designed and carried out on both SMA confined and 
passively confined concrete prisms. Based on the test results, it was found that the scheme using 
four aluminum angles at the four corners to help applying SMA confinement was less effective 
than the confinement scheme with hole-drilling, due to the extensive damage occurred at the initial 
gaps between the SMA wires and the concrete, which allowed the concrete to dilate without any 
restraint; while the scheme of applying SMA confinement to non-circular concrete elements with 
SMA wires passing through the drilled holes in the concrete is more promising and the new 
technique clearly shows effectiveness in delaying the damage and dilation of concrete, which helps 
significantly in improving the ductility of non-circular concrete members. From analyzing the 
experimental results, the following conclusions were drawn:  
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 SMA confinement using internal bidirectional confinement with drilled holes helped in 
preventing possible bending of steel tubes and distributing the confining pressure more 
uniformly.  
 SMA confined prisms with drilled holes and 30.5 mm (1.2 in) layer spacing (SMA-3 and 
SMA-4), having an active confining pressure of 1.7 MPa (0.247 ksi), showed a residual stress 
of 45%-64% of peak strength and was able to reach 0.074 mm/mm axial strain under both 
monotonic and cyclic loading. 
 The dilation of SMA confined specimen was hindered by the active confinement applied prior 
to loading. When the normalized stress value is equal to one, specimen SMA-4 sustained 
lateral strain equal to 53% of that of FRP-5 and 19% of that of Unconfined-4. This indicated 
that SMA confinement was more effective in delaying concrete dilation than FRP confinement; 
hence helped in increasing concrete ductility. 
 Less stiffness degradation was observed in the cyclically loaded specimen SMA-4 when 
compared to specimen FRP-5. SMA-4 was able to maintain stiffness equal to the elastic 
modulus up to the eleventh cycle with a corresponding reloading axial strain of 0.00032 
mm/mm, while the stiffness of FRP-5 started degrading at the seventh cycle with a 
corresponding reloading axial strain of 0.0000066 mm/mm.  
 
 In conclusion, the experimental results presented in this chapter suggest that this innovative 
technique of applying SMA confinement to non-circular concrete elements using SMA wires is 
promising. The new technique clearly shows effectiveness in delaying the damage and dilation of 
concrete, which helps significantly in improving the ductility of non-circular concrete members. 
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CHAPTER 5 FEASIBILITY OF USING INTERNAL SMA CONFINEMENT 
 
Although SMA confinement technique has been investigated by some researchers and 
shown its promise in seismic retrofitting of concrete structures, all the previous studies have 
focused on seismic retrofitting of existing structures. In order to take advantage of the superiority 
of this SMA confinement technique in new structures, it is worthy to investigate the feasibility of 
implementing this technique in new structures as internal transverse reinforcement. This chapter 
presents an exploratory experimental study of using internal SMA spirals in square concrete 
section and the behavior of internal SMA reinforced concrete was compared with traditional steel 
hoop reinforced concrete, with the aim of investigating the feasibility of implementing SMA wires 
as internal transverse reinforcement. 
 
5.1 INTERNAL TRANSVERSE REINFORCEMENT 
Many studies investigated the impact of internal steel transverse reinforcement on concrete 
strength and flexural ductility. Early research by Kent and Park (1971) examined the stress-strain 
behavior of square columns with four corner bars and steel hoops. They suggested that steel 
transverse reinforcement only improved concrete ductility but not concrete strength. They also 
proposed stress-strain curve for transverse steel reinforced concrete represented by a parabola 
curve for the ascending branch, and a linear descending branch followed by a constant plateau. 
Later, Scott et al. (1982) conducted an experimental investigation on twenty-five RC columns with 
8 or 12 longitudinal bars and different arrangements of steel hoops, under concentric or eccentric 
loads at different strain rates. They concluded that transverse reinforcement could largely increase 
the compressive strength of concrete core and that larger volumetric ratio of transverse 
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reinforcement resulted in higher peak stress, larger compressive strain at first hoop fracture and 
lower descending branch slope of the core concrete stress-strain curve. They modified Kent and 
Park’s (1971) stress-strain model by introducing a K  factor to model the enhancement effect of 
steel transverse reinforcement in concrete strength. Sheikh and Uzumeri (1982) proposed a stress-
strain model to simulate the behavior of tied columns. Their work resulted in the first model that 
takes into consideration the configuration of longitudinal bars and transverse ties through using a 
concept of effectively confined concrete area. Mander et al. (1988a) conducted two series of tests 
on concrete columns/walls with different amount of longitudinal and transverse reinforcement: 
circular columns confined with spiral reinforcement, and rectangular wall sections confined with 
rectangular hoops and cross ties. They concluded that the amount of longitudinal reinforcement 
had little effect on the concrete behavior and the effectiveness of confinement; the quantity of 
spiral reinforcement was the most important factor influencing the concrete behavior. They also 
proposed a widely used stress-strain model to predict the behavior of both circular and rectangular 
columns subjected to monotonic or cyclic loading. Similar to Sheikh and Uzumeri (1988), they 
defined the effectively confined core by using the longitudinal bars and transverse reinforcement 
configuration. For the present study, Mander et al. (1988b)’s approach was implemented to 
calculate the confining pressure from both steel hoops and SMA spirals. According to Mander et 
al. (1988b), for square sections, the effectively confined region is the shaded area shown in Fig. 
5.1 and its effective confining pressure 'lf  on each side can be calculated as follows: 
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is the effectiveness ratio, which is the area of the confined core (dashed area in Fig. 5.1) divided 
by the total area of concrete core; lxf  and lyf  are the confining pressures in the x and y directions, 
respectively; sxA  and syA  are the areas of transverse reinforcement in the x and y directions, 
respectively; s  is the hoop spacing; cb  is the width of the effectively confined core measured 
center to center of the transverse reinforcement; 
'w  is the clear spacing between the longitudinal 
bars; 
's  is the clear hoop spacing; hf  is the hoop stress along the transverse reinforcement, which 
Mander et al. (1988b) assumed to be the yield strength of transverse steel for internal transverse 
steel reinforced concrete. In the present study, for SMA reinforcement, after the SMA spirals are 
activated through heating and before the loading is applied, hf  is equal to the SMA wires recovery 
stress, which is defined as the residual stress induced in the SMA wires after the activation of the 
shape memory effect prior to loading. Therefore, the confining pressure calculated using Eq. (5.1) 
is the effective active confining pressure. As loading is applied, additional passive confining 
pressure is exerted on the confined section as the concrete dilates, hence hf  becomes equal to the 
actual stress along the SMA spirals, and the confining pressure calculated using Eq. (5.1) is the 
effective total confining pressure (i.e. active + passive).   
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Figure 5.1: Effectively confined region in square concrete section. 
 
5.2 EXPERIMENT TESTING  
5.2.1 Test Specimens and Experimental Program  
To explore the feasibility of utilizing SMA wires as internal transverse reinforcement for 
concrete structures prone to seismic loading, five 152.4 mm × 152.4 mm × 254 mm (6 in × 6 in × 
10 in) short concrete columns (prisms) were tested. Two types of internal transverse reinforcement 
were considered in this study: the first is the proposed SMA reinforcement, and the second is the 
traditional steel reinforcement. In order to obtain the concrete strength of each concrete batch, 
plain concrete specimens were designed and tested. Specimens Plain-1 and Internal-SMA-1 were 
from the first batch of concrete with a strength of 44.3 MPa (6.4 ksi); Specimens Plain-2, Internal-
Steel-1 and Internal-Steel-2 were from the second batch of concrete with a strength of 34.9 MPa 
(5.1 ksi). Four #3 steel rebars (Grade 60 steel with a yield strength of 414 MPa [60 ksi]) with a 
diameter of 9.5 mm (0.375 in) were placed at the four corners of the confined prisms, as shown in 
Fig. 5.2. Table 5.1 also displays the characteristics of all test specimens. NiTiNb SMA wires with 
recovery stress of 607 MPa (88 ksi) and a diameter of 1.88 mm (0.074 in) were used in this study. 
Fig. 5.3 displays the result of a tensile coupon test conducted to study the stress-strain behavior of 
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thermally prestressed NiTiNb SMA wire used in this study. As shown in the figure, SMA wire 
first behaved linearly until it reached a yield strength of 810 MPa (117 ksi), and then it maintained 
a yield plateau until it reached a strain of about 2.5%, followed by a hardening stage. The ultimate 
strain of SMA wire was 17.1%, with an ultimate stress of 1211 MPa (174 ksi). It is important to 
note that the recovery stress reported from the coupon test was utilized in Eq. (5.1) as hoop stress 
to calculate the effective active confining pressure on specimen Internal-SMA-1. 
 
 
                  (a) Internal-Steel-1                   (b) Internal-Steel-2                   (c) Internal-SMA-1 
Figure 5.2: Configuration of the reinforcement used in fabricating the three specimens (unit: 
mm): (a) Internal-Steel-1; (b) Internal-Steel-2; (c) Internal-SMA-1. 
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Table 5.1: Specifications of test specimens 
Specimen 
Concrete 
Strength 
(MPa) 
Pitch 
Spacing 
(mm) 
Active 
Confining  
Pressure 
(MPa) 
Passive 
Confining 
Pressure 
(MPa) 
Total 
Confining 
Pressure 
(MPa) 
Plain-1 
44.3 
- 0 0 0 
Internal-SMA-1 8.9 1.45 0.60 2.05 
Plain-2 
34.9 
- 0 0 0 
Internal-Steel-1 50.8 0 1.35 1.35 
Internal-Steel-2 38.1 0 2.05 2.05 
 
 
Figure 5.3: Post-prestress mechanical behavior of SMA wires used in the study. 
 
In practice, typically transverse steel reinforcement is used in the form of hoops in non-
circular concrete columns (see specimens Internal-Steel-1 and Internal-Steel-2 in Fig. 5.2). 
However, in this study the author took advantage of the small diameter of the SMA wires and 
shaped the SMA wire in the form of internal continuous spiral instead of individual hoops. This 
technique was sought to simplify the fabrication process by eliminating the need for pre-bending 
the hoops prior to installation. It also provided better integrity of the reinforcement cage. 
SMA confinement is a combination of active and passive confinement. Active confining 
pressure is applied to concrete prior to loading and the passive confining pressure develops during 
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loading as concrete dilates. Internal-SMA-1 specimen was fabricated using 8.9 mm (0.35 in) pitch 
spacing, which as per Eq. (5.1) resulted in an effective active confining pressure of 1.45 MPa (0.21 
ksi). The maximum passive confining pressure was estimated using the yield stress of SMA wires, 
which as per previously discussed coupon test result was found to be approximately 810 MPa (117 
ksi) (see Fig. 5.3). Therefore, two different pitch spacing of steel hoop reinforced specimens, 50.8 
mm (2.0 in) and 38.1 mm (1.5 in) were designed to have the same level of active confining pressure 
and total confining pressure as the SMA confined specimen, respectively. This was done to cover 
the whole range of confining pressure that SMA confined specimen was expected to sustain during 
testing. On the other hand, for the two steel reinforced specimens, #2 steel rebars (Grade 60 steel) 
with a diameter of 6.35 mm (0.25 in) was used as individual hoops. As per current seismic 
provisions the steel hoops was detailed with 135 degree hooks extending 38.1 mm (1.5 in) (ACI-
318). 
   
5.2.2 Specimen Fabrication and SMA Heating 
 Figures 5.4 and 5.5 show the reinforcement cages and wood molds for specimens Internal-
Steel-1, Internal-Steel-2 and Internal-SMA-1. The construction procedure consisted of fixing the 
longitudinal rebars to the base of the wood forms, assembling the transverse reinforcement 
according to the design pitch spacing, building plywood molds, pouring concrete into the oiled 
molds, and de-molding after 5 days. Normal weight concrete was utilized, with a maximum 
aggregate size of 25.4 mm (1 in). The mix of the concrete used comprised of 688 kg/m3 (1160 
lb/yd3) fine aggregates, 1099 kg/m3 (1853 lb/yd3) coarse aggregates, 215 kg/m3 (363 lb/yd3) water, 
and 371 kg/m3 (625 lb/yd3) Portland cement. All the specimens were placed in a curing room for 
20 days after de-molding and were tested on the 28th day. 
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Figure 5.4: Reinforcement cage for specimens: (a) Internal-Steel-1; (b) Internal-Steel-2; (c) 
Internal-SMA-1. 
 
 
Figure 5.5: Wood molds with reinforcement cage inside for specimens: (a) Internal-Steel-1; (b) 
Internal-Steel-2; (c) Internal-SMA-1. 
 
To fully activate the shape memory effect of SMA wires inside the concrete, two 13 mm × 
3028 mm (0.5 in × 120 in) HTS/Amptek DuoTape with a total capacity of 1040 watts were 
wrapped around the concrete prism to heat the concrete to 180℃ [See Fig. 5.6(a)], which was 
proved by Dommer and Andrawes (2012) to be the minimum temperature required to fully activate 
the SMA wires. Before heating specimen Internal-SMA-1, a dummy specimen from the same 
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batch of concrete with the same size was heated using the same heating tape in order to investigate 
the time needed to bring up the temperature of internal SMA wires to 180℃. A thermal couple was 
inserted into a hole drilled on the dummy specimen surface with a depth of 12.7 mm (0.5 in), the 
same depth of the SMA spiral installed inside of specimen Internal-SMA-1. To reduce the heating 
time, the specimen was wrapped in four 0.6 mm (0.024 in)-thick layers of glass-fabric cloth as 
depicted in Fig. 5.6(b). Fig. 5.6(c) shows the concrete prism after heating. Fig. 5.7 displays the 
results obtained from the dummy specimen with respect to the variation of concrete temperature 
with time at the same depth where SMA spiral was installed. It could be observed that to reach 
180℃ with the used heating tape, it took about 45 minutes. Therefore, using the same heating 
method, specimen Internal-SMA-1 was heated for approximately 50 minutes to ensure the shape 
memory effect was fully activated.  
As it is known, subjecting concrete to elevated temperature for extended period of time 
could potentially impact its compressive strength (Luo et al. 2000; Lee et al. 2008). Lee et al. 
(2008) heated several 101.6 mm × 203.2 mm (4 in × 8 in) concrete cylinders to investigate the 
concrete strength changes under different heating and cooling conditions. They found that heating 
concrete with a rate of 1℃/min to 200℃ and holding it at 200℃ for four hours, followed by natural 
cooling, resulted in a strength reduction of about 2%. However, there is no research that has been 
done on heating concrete for duration less than one hour under 200℃, which is slightly higher than 
the recovery stress activation temperature of the NiTiNb SMAs. To provide some insight on the 
impact of heating the SMA reinforced specimen as described earlier, a study was conducted using 
eight concrete cylinders that were heated in a furnace with a temperature of 200℃ for various 
periods of time, ranging from 12 minutes to 2.5 hours. The specimens were then tested in 
compression. Fig. 5.8 shows the concrete strength ratio between the heated and unheated concrete 
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specimens vs. the heating time. It demonstrates that concrete strength of the heated specimens 
(under 200℃) can maintain at least 95% of that of the unheated specimen if the heating time is 
less than one hour. Therefore, for the application of SMA confinement, although heating could 
potentially affect the concrete strength, its effect is expected to be relatively minor. In real 
application the heating duration can be reduced further to minimize any negative effects associated 
with the thermal-prestressing of SMAs.  
 
 
Figure 5.6: (a) Internal SMA activation using heating tape; (2) heat insulation using glass-fiber 
wraps; (3) concrete specimen after heating. 
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Figure 5.7: Variation of concrete temperature with heating duration using the SMA heating 
method adopted in this study. 
 
  
Figure 5.8: Strength reduction of concrete when subjected to a temperature of 200℃ for 
different heating durations. 
 
5.2.3 Test Results and Analysis 
The tested specimens were cyclically loaded in displacement control using a 2.7 MN (600 
kips) MTS uniaxial servo-controlled hydraulic machine with a loading strain rate of 0.5%/min and 
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a strain increment of 1.0% in each cycle. Axial extensometers were used to monitor the axial 
compressive strain of the specimens. Figs. 5.9, 5.11, and 5.13 demonstrate the experimental results 
of specimens Internal-SMA-1, Internal-Steel-1 and Internal-Steel-2, respectively, under uniaxial 
cyclic compression. The load-axial strain curves show the total load measured by the actuator, the 
load sustained by the cover concrete, which was calculated using the axial stress-strain relation of 
unconfined concrete and the area of the cover concrete, and the load sustained by the four 
longitudinal rebars, which was calculated assuming elastic-perfectly plastic compressive behavior 
of steel rebar. The axial stress-strain curves of Internal-SMA-1, Internal-Steel-1 and Internal-Steel-
2 were obtained by subtracting the load resisted by the cover concrete and longitudinal rebars from 
the total measured load and then dividing by the core concrete area. Figs. 5.10, 5.12, and 5.14 
display snapshots taken during the testing of specimens Internal-SMA-1, Internal-Steel-1, and 
Internal-Steel-2, respectively. The six points A, B, C, D, E, and F indicated in the load-axial strain 
relations shown in Figs. 5.9(a), 5.11(a), and 5.13(a) correspond to the six snapshots shown in each 
of Figs. 5.10, 5.12, and 5.14, respectively. 
 
5.2.3.1 SMA Reinforced Specimen 
 Fig. 5.9(a) depicts the load-axial strain curves of Internal-SMA-1. As shown in the figure, 
Internal-SMA-1 first behaved linearly with the same elastic modulus as the Plain-1 concrete 
specimen. Vertical cracks were first observed just before the concrete prism reached its peak load 
of 1030 kN (231.5 kips) at strain value of 0.0027 mm/mm. Next, the load carried by the specimen 
Internal-SMA-1 started to decrease and cracks accumulated [see Figs. 5.10(b) & (c)] and spread 
rapidly causing finally the entire cover to spall off at an axial strain of about 3.1% [see Fig. 5.10(d)]. 
Even after losing the cover concrete, the core concrete was still intact and held an axial force of 
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691.7 kN (155.5 kips), 67.2% of the peak load. As the applied displacement continued to increase, 
the first fracture of SMA spiral occurred at an axial strain of 5.5%, followed by the buckling of a 
longitudinal rebar [see Fig. 5.10(f)]. Right before the first SMA wire fractured, the concrete prism 
was able to hold an axial force of 634.2 kN (142.6 kips), 62.1% of the peak load. Note that the 
concrete was still able to carry a significant amount of load at the first SMA spiral fracture, which 
indicates that it did not completely lose its capacity. After the first longitudinal rebar buckling, 
specimen Internal-SMA-1 continued to carry a load of 506.7 kN (113.9 kips), which was 49.6% 
of the peak load. As applied displacement continued to increase, the second SMA spiral fracture 
occurred at an axial strain of 7.5% and load value of 417.2 kN (93.8 kips), 40.9% of the peak load. 
The second fracture caused the load to drop to 358.5 kN (80.6 kips), 35.1% of the peak load. All 
four longitudinal rebars buckled after reaching an axial strain of 10.6%. However, although the 
specimen was still able to carry some load after multiple SMA spiral fractures, it was more 
conservative to designate the failure point of the specimen at the first fracture of transverse 
reinforcement. Fig. 5.9(b) shows the axial stress-axial strain relation of Internal-SMA-1 specimen 
(core concrete). The SMA reinforced core reached a peak stress of 45.1 MPa (6.5 ksi), which was 
1.02 times the strength of the Plain-1 concrete specimen. After reaching the peak, the axial stress 
descended moderately until the first SMA spiral fractured at 5.5% axial strain. Before the first 
SMA spiral fracture, the axial stress sustained by core concrete was 29.5 MPa (4.3 ksi), 66.7% of 
the peak stress, and after the first SMA spiral fracture, the stress dropped by 24.4% to 22.3 MPa 
(3.2 ksi). As more SMA spiral fracture occurred subsequently, the axial stress of the core concrete 
degraded correspondingly. 
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(a) 
 
(b) 
Figure 5.9: Experimental results of specimen Internal-SMA-1: (a) load-displacement; (b) stress-
strain. 
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Figure 5.10: Snapshots of specimen Internal-SMA-1 during testing. 
 
5.2.3.2 Steel Reinforced Specimens 
 As illustrated in Fig. 5.11(a), Internal-Steel-1 specimen behaved linearly with the same 
elastic modulus as the Plain-2 concrete specimen at the early stage of loading. It reached its peak 
load of 901.6 kN (202.7 kips) at 0.0017 mm/mm axial strain. After reaching the peak, the axial 
load descended more rapidly. Unlike specimen Internal-SMA-1, no transverse reinforcement 
fracture was observed in the steel reinforced specimen Internal-Steel-1. The first longitudinal rebar 
buckling of specimen Internal-Steel-1 occurred at an axial strain of 2.95%. After the first 
longitudinal rebar buckled, the specimen continued to carry a load of 428.7 kN (96.4 kips), which 
was 47.3% of the peak load. As the applied axial displacement increased, a second longitudinal 
rebar buckled at the end of the fifth cycle with a maximum axial strain of 4.0% [see Fig. 5.12(e)]. 
Fig. 5.12(f) shows that specimen Internal-Steel-1 was damaged excessively and all four 
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longitudinal rebars buckled at an axial strain of 5.0%.  Fig. 5.11(b) plots the axial stress-axial strain 
relation of Internal-Steel-1 (core concrete). The reinforced concrete core of Internal-Steel-1 
reached a peak stress of 37.8 MPa (5.5 ksi), which was 1.08 times the strength of Plain-2 specimen 
concrete strength. After reaching the peak, the axial stress descended rapidly and before the first 
longitudinal rebar buckled, the axial stress sustained by core concrete was 17.7 MPa (2.6 ksi), 47.3% 
of the peak stress. However, unlike SMA reinforced concrete specimen Internal-SMA-1, Internal-
Steel-1 did not have any sudden strength reduction upon longitudinal bar buckling. 
 
 (a) 
 
(b) 
Figure 5.11: Experimental results of specimen Internal-Steel-1: (a) load-displacement; (b) 
stress-strain. 
102 
 
 
Figure 5.12: Snapshots of specimen Internal-Steel-1 during testing. 
 
Similarly for specimen Internal-Steel-2, Fig. 5.13(a) shows that the specimen reached a 
peak load of 985.4 kN (221.5 kips) at an axial strain of 0.0033 mm/mm. No longitudinal rebar 
buckling was observed at the first five cycles. However, as the load carrying capacity of Internal-
Steel-2 continued to decrease, at 4.0% axial strain, one steel hoop at mid-height of the concrete 
prism started to open [See Fig. 5.14(e)]. Even though there was no transverse reinforcement 
fracture or longitudinal bar buckling before reaching an axial strain of 4.0%, the load carried by 
the specimen reduced to 354.3 kN (79.6 kips), only 36.0% of the peak load, in which the strength 
reduction was attributed to the large pitch spacing and gradual hoop opening at mid-height. The 
first rebar buckled at an axial strain of 4.31%, which caused a small drop of the force as shown in 
Fig. 5.13(a). Fig. 5.14(f) shows that at the snapshot taken at 5.0% axial strain, two longitudinal 
rebars buckled and one steel hoop had opened. The load carrying capacity of the specimen at 5.0% 
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strain was 260.2 kN (58.5 kips), only 26.4% of the peak load. Fig. 5.13(b) plots the axial stress-
axial strain relation of Internal-Steel-2. Steel reinforced concrete Internal-Steel-2 reached a peak 
stress of 45.5 MPa (6.6 ksi), which was 1.30 times the strength of Plain-2 specimen concrete 
strength. Similar to Internal-Steel-1, after reaching the peak, the axial stress descended rapidly and 
right before the first longitudinal rebar buckled, the axial stress sustained by core concrete was 
10.6 MPa (1.5 ksi), 23.3% of the peak stress. 
 
(a) 
 
(b) 
Figure 5.13: Experimental results of specimen Internal-Steel-2: (a) load-displacement; (b) 
stress-strain. 
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Figure 5.14: Snapshots of specimen Internal-Steel-2 during testing. 
 
 Figure 5.15 compares the normalized axial stress-strain behavior of the core concrete for 
Internal-SMA-1, Internal-Steel-1 and Internal-Steel-2 specimens, in which, normalized axial stress 
was the axial stress divided by the plain concrete strength. Table 5.2 also summarizes the test 
results from the three specimens including, design confining pressure, confinement volumetric 
ratio, normalized peak stress (maximum axial stress divided by the plain concrete strength), ratio 
between axial stress at 5.5% axial strain and the peak stress, and axial strain at the first longitudinal 
rebar buckling. The normalized peak stress of Internal-SMA-1 was 0.94 and 0.78 of that of 
specimens Internal-Steel-1 and Internal-Steel-2, respectively. The smaller peak stress of SMA 
confinement compared to steel confinement could be attributed to the previously discussed 
strength reduction that could potentially be induced during the SMA heating process. Also, the 
more significantly higher strength of Internal-Steel-2 specimen compared to Internal-SMA-1 
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specimen can be due to the significantly higher design confining pressure of Internal-Steel-2 
compared to that of Internal-SMA-1. As indicated in the table, axial strain at the first longitudinal 
rebar buckling for Internal-Steel-1, Internal-Steel-2 and Internal-SMA-1 was 2.95%, 4.31% and 
5.52%, respectively. Accordingly, Internal-SMA-1 delayed the first longitudinal rebar buckling by 
187% and 128%, compared to Internal-Steel-1 and Internal-Steel-2, respectively, which indicates 
that with active confining pressure applied prior to loading, SMA confinement was more effective 
in delaying the longitudinal rebar buckling. In Fig. 5.15, comparing Internal-Steel-1 and Internal-
Steel-2 with Internal-SMA-1, the load carrying capacity of the traditionally steel reinforced 
concrete degraded much faster than that of the SMA reinforced concrete. Comparing the axial 
stress of Internal-Steel-1, Internal-Steel-2 with Internal-SMA-1 at the axial strain value of 5.5%, 
which corresponds to the first SMA spiral fracture, the axial stresses sustained by core concrete 
for Internal-Steel-1, Internal-Steel-2 and Internal-SMA-1 were 4.5 MPa (0.6 ksi), 9.8 MPa (1.4 ksi) 
and 29.5 MPa (4.3 ksi),  26.0%, 9.9% and 66.7%, respectively of their peak stresses. Therefore, it 
can be concluded that SMA confinement can significantly hinder strength degradation of concrete 
under cyclic loading, which in turn results in improving flexural ductility. Comparing the 
transverse reinforcement volumetric ratio of Internal-Steel-1, Internal-Steel-2 and Internal-SMA-
1, the volumetric ratio of transverse reinforcement in Internal-SMA-1 was 49.5% and 36.9% of 
that of Internal-Steel-1 and Internal-Steel-2, respectively. This demonstrates that the SMA 
reinforcement required to achieve such superior performance to steel reinforcement is small 
compared to steel (in this study less than 50% by volume). This feature will enable the new SMA 
transverse reinforcement to provide practical detailing solutions for structural reinforcement 
especially in the cases of structural members where high reinforcement congestion is a problem. 
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Figure 5.15: Normalized axial stress-strain behavior comparison of SMA and steel reinforced 
specimens. 
 
Table 5.2: Steel vs. SMA internally reinforced concrete test results 
Specimen Internal-Steel-1 Internal-Steel-2 Internal-SMA-1 
Design Confining Pressure 
(MPa) 
1.28 1.92 1.41 
Transverse Reinforcement 
Volumetric Ratio (%) 
0.97 1.30 0.48 
Normalized Peak Stress 1.08 1.30 1.02 
Ratio between Axial Stress at 
5.5%-Strain and the Peak 
Stress Stress 
0.26 0.10 0.67 
Axial Strain At the First 
Longitudinal Rebar Buckling 
(%) 
2.95 4.31 5.52 
 
5.3 CONCLUSIONS  
 This chapter focused on investigating the feasibility and efficacy of implementing SMA 
spirals as internal transverse reinforcement in newly constructed square concrete columns. A short 
square concrete column (Internal-SMA-1) was designed, constructed with internal longitudinal 
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steel rebars and transverse SMA spirals. In addition, traditional transverse steel reinforced concrete 
columns (Internal-Steel-1 & Internal-Steel-2) were designed to have the same lateral confining 
pressure as the SMA reinforced counterpart and tested for comparison. The columns were tested 
under uniaxial cyclic compressive loading. The following conclusions can be drawn from the test 
results:  
 Axial strain at the first longitudinal rebar buckling for Internal-Steel-1, Internal-Steel-2 and 
Internal-SMA-1 specimens were 2.95%, 4.31% and 5.52% respectively. Compared to the 
traditional steel transverse reinforcement, SMA reinforcement can effectively delay the 
buckling of longitudinal rebars. 
 The axial stresses of Internal-Steel-1, Internal-Steel-2 and Internal-SMA-1 specimens at 5.5%-
strain (the strain where the first SMA spiral fracture occurred) were 26.0%, 9.9% and 66.7%, 
respectively of their peak stresses. Hence, compared to traditional steel transverse 
reinforcement, SMA reinforcement can significantly mitigate concrete strength degradation 
under cyclic loading.  
 Using SMA transverse reinforcement with volumetric ratio less than 50% of that of steel 
reinforcement can effectively delay the buckling of longitudinal rebars under cyclic loading 
by more than 1%-strain as well as reduce strength degradation by more than 150%. 
  
 Based on the results of this study, it can be concluded that using SMA spirals as internal 
transverse reinforcement in RC structures has proven to be a very promising technique to improve 
concrete strength and ductility and to mitigate the damage sustained by RC structures prone to 
extreme cyclic loadings such as earthquakes. Hence, it is worthy of further experimental and 
numerical investigation in order to fully understand its behavior.  
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CHAPTER 6 MONOTONIC AND CYCLIC EXPERIMENTAL TESTING 
OF SMA CONFINED CONCRETE CYLINDERS 
 
 Although SMA confinement technique has been investigated by some researchers and 
shown that it is promising in seismic retrofitting of concrete structure, the amount of experimental 
work done is still limited. In order to further understand the behavior of concrete elements confined 
with SMAs and provide database to develop concrete constitutive models for SMA confined 
concrete in the future, more experimental work is needed. Hence, this chapter focuses on 
experimentally testing series of concrete cylinders with varying concrete strengths, active 
confining pressures (SMA spiral pitches), loading types and loading protocols. These tests are 
sought to address the following specific issues: (1) understand the relationship between monotonic 
and cyclic behaviors of SMA confined concrete; (2) understand how concrete strength and SMA 
spiral spacing affect the peak stress, ultimate stress and corresponding peak strain and ultimate 
strain, and dilation characteristics of SMA confined concrete; (3) understand how concrete 
modulus (stiffness) is affected by the damage of concrete as it dilates; (4) experimental results 
serve as database for SMA confined concrete constitutive model development. 
 
6.1 EXPERIMENTAL INVESTIGATION 
6.1.1 Test Specimens and Test Matrix 
 A total of 20 concrete cylinders with a diameter of 152.4 mm (6 in) and a height of 305 
mm (12 in) were prepared and tested in this experimental study. Table 6.1 displays the 
characteristics of all tested specimens, including loading types, unconfined concrete strength, 
spiral pitch and active confining pressure. In the specimen labels, “UC” denotes unconfined 
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specimens, “SMA” denotes SMA confined specimens. B1, B2, B3, B4, and B5 denote concrete 
batch number. Concrete batches with target 28-day compressive strength ranging between 30.6 
MPa (4.4 ksi) and 55.3 MPa (8.0 ksi) were used. Different levels of active confining pressure 
ranging between 0.91 MPa (0.132 ksi) and 3.92 MPa (0.569 ksi) were considered by varying SMA 
spiral pitch. S1, S2, S3, S4, and S5 denote the five different levels of active confining pressures, 
namely, 0.91 MPa (0.132 ksi), 1.23 MPa (0.178 ksi), 1.92 MPa (0.278 ksi), 2.85 MPa (0.413 ksi) 
and 3.92 MPa (0.569 ksi), respectively. There were three different batches of NiTiNb SMA wires 
used in testing. The SMA wires obtained from the manufacturer had diameters that varied between 
1.80 mm (0.071 in) and 2.00 mm (0.079 in), but the recovery stress was the same, 607 MPa (88 
ksi). The difference in the wire diameters was taken into account in computing the spiral pitch 
corresponding to each level of confinement, resulting in spiral pitch that varied between 5.1 mm 
(0.2 in) and 25.4 mm (1 in). “C” and “M” denote the loading type: cyclic and monotonic 
compression, respectively. As a sample of the tested specimens, Fig. 6.1(a)-(d) display specimens 
with spiral pitch of 25.4 mm (1 in), 19.1 mm (0.75 in), 12.7 mm (0.5 in) and 6.4 mm (0.25 in), 
which corresponded to confinement levels S1, S2, S3 and S5, respectively. Table 6.2 displays the 
mix design for all five batches of concrete and the weight per cube meter shown in the table has 
already taken the moisture content in fine and coarse aggregates into account.  
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Table 6.1: Test specimen specifications 
Loading 
Type 
Label 
Concrete 
Strength (MPa) 
Spiral Pitch 
(mm) 
Active 
Confining 
Pressure (MPa) 
Cyclic 
UC-B1C 
30.6 
- 0 
SMA-B1S2C 15.9 1.23 
SMA-B1S3C 10.2 1.92 
SMA-B1S5C 5.1 3.92 
UC-B2C 
39.6 
- 0 
SMA-B2S1C 25.4 0.91 
SMA-B2S2C 19.1 1.23 
SMA-B2S3C 12.7 1.92 
SMA-B2S5C 6.4 3.92 
UC-B3C 
50.0 
- 0 
SMA-B3S2C 19.1 1.23 
SMA-B3S3C 12.7 1.92 
SMA-B3S5C 6.4 3.92 
UC-B4C 
36.1 
0 0 
SMA-B4S4C 7.6 2.85 
UC-B5C 
55.3 
0 0 
SMA-B5S4C 7.6 2.85 
Monotonic 
UC-B2M 
39.6 
- 0 
SMA-B2S2M 19.1 1.23 
SMA-B2S3M 12.7 1.92 
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Figure 6.1: Sample of test specimens (a) SMA-B2S1C; (b) SMA-B2S2C; (c) SMA-B2S3C; (d) 
SMA-B2S5C; and (e) location of extensometer and SMA wire strain gauges (SG) located at mid-
height of cylinders. 
 
Table 6.2: Concrete mix design of test specimens 
Concrete Batch 1 2 3 4 5 
Water ( 3/kg m ) 201.7 235.9 244.7 203.8 223.1 
Cement ( 3/kg m ) 312.8 380.6 534.0 296.6 434.6 
Coarse Aggregate ( 3/kg m ) 1053.9 963.9 964.0 1066.7 1066.7 
Fine Aggregate ( 3/kg m ) 781.6 769.1 606.8 782.8 675.3 
Water Cement Ratio 0.55 0.53 0.4 0.56 0.43 
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 SMA wires used in the study were already prestrained by the manufacturer to 
approximately 6% strain. To examine the passive confinement effect of the SMA spiral, the 
thermally prestressed wires were subjected to mechanical tensile loading. The stress-strain 
behavior of SMA is plotted in Fig. 6.2. As shown in the figure, the ultimate strain of SMA wire 
was 20%, with an ultimate stress of 1270 MPa (184 ksi). Active confining pressures shown in 
Table 6.1 were calculated based on the effective confining pressure proposed by Mander et al. 
(1988b). According to Mander et al. (1988b), for circular section, the effective confining pressure 
'
lf  can be calculated as follows: 
2
'
2
e h
l
k d f
f
sD

                                                             (6.1) 
where, 
ek  is the effectiveness ratio, which is the area of the confined core divided by the total area 
of concrete core as defined in Mander et al. (1988b); hf  is the hoop stress along the transverse 
reinforcement, which Mander et al. (1988b) assumed to be the yield strength of transverse steel 
for internal transverse steel confined concrete; while for SMA confined concrete in this study, the 
hoop stress hf  was equal to the SMA wire recovery stress; hence the confining pressure in Table- 
6.1 represented active confining pressure; s  is the spiral pitch; D  is the diameter of the concrete 
cylinders. Prior to compressive loading, SMA spirals were heated to activate the shape memory 
effect using propane torch except specimen SMA-B3S5C, which was heated using electrical 
current, and strain gauges and a thermal couple were attached to the SMA spirals in order to 
monitor prestrain losses of the SMA wires during heating. Fig. 6.3 shows the changing of prestrain 
losses with respect to the temperature during heating. One can notice that as the temperature 
increased to 170℃, the prestrain losses reached a plateau at a strain of 0.48%. This value was 
consistent with the results obtained from other studies that claimed that prestrain losses have minor 
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effect on the active confining pressure applied to the specimens (Shin and Andrawes 2010 & 2011). 
Note that as discussed in Chapter 5, heating concrete under 200℃ for less than an hour, the 
reduction effect on the compressive strength of concrete is minor. Especially heating SMA spirals 
at the external surface of concrete cylinders using propane torch as in this study, it took only 1-2 
minutes. Therefore, the effect of heating on concrete when activating the SME of SMAs is 
considered to be negligible. 
All the specimens were loaded using a 2.7 MN (600 kip) hydraulic load frame with a 
loading/unloading strain rate of 0.5%/min and using displacement control. For all the cyclically 
loaded specimens, the increment of the first three cycles was 0.1% axial strain (equivalent to 0.3 
mm [0.012 in] displacement), followed by eight cycles of 0.4% strain (equivalent to 1.2 mm [0.048 
in] displacement). After that, the size of increment was adjusted/accelerated to accommodate the 
time constraints of the lab. Axial extensometer with a gauge length of 152.4 mm (6 in) was utilized 
to measure the axial strain of each specimen. Six lateral strain gauges with a gauge length of 2 mm 
(0.079 in) were attached to SMA spiral at the mid-height of the cylinders [see Fig. 6.1(e)], 60° 
apart from each other with the aim of measuring the strain developing in the wires as an indication 
of the lateral deformation of the specimens during loading. Both axial and lateral strain gauges 
were also attached to some of the specimens at mid-height in order to measure the strain on 
concrete surface.   
 
Figure 6.2: Post-prestress mechanical behavior of SMA wires used in the tests. 
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(a)                                                                   (b) 
Figure 6.3: Prestrain losses of SMA spiral during heating of specimen SMA-B3S5C. 
 
6.1.2 Test Results and Analysis 
6.1.2.1 Cyclically Loaded Specimens 
 To be able to understand and analyze the behavior of SMA confined concrete, a schematic 
drawing of the axial stress-strain response of SMA confined concrete is presented in Fig. 6.4. This 
schematic is based on observations made from test data and it highlights key points and features 
of SMA confined concrete stress-strain behavior. As illustrated in the figure, early during loading, 
SMA confined concrete behaves linearly with an elastic modulus 
0E , which is assumed to be the 
secant stiffness at 45% of the peak stress ( '0.45 ccf ). As the specimen is loaded beyond the elastic 
limit, it behaves nonlinearly, reaching its peak point at 'ccf  stress and 
'
cc  strain, followed by a 
gradually descending branch. The failure point is defined by ultimate strain
ult and the 
corresponding ultimate stress 
ultf . If the specimen is unloaded at point  ,un unf , the residual 
strain is defined as plastic strain 
c
p  and a linear stress-strain relation is assumed between reloading 
point  ,0pc and point  ,un newf , which is located on the reloading curve at the same strain as 
the unloading strain 
un . The reloading initial modulus is denoted as rE . A transition point is also 
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defined, from which the slope of the descending branch significantly reduces and the change of 
the slope is minor afterward. Based on experimental observations, the transition point was chosen 
to be the point where axial strain reaches a value of 2.5%, and the corresponding stress is defined 
as the residual stress resf . Table 6.3 summarizes the test results of all cyclically loaded SMA 
confined concrete specimens. Note that in the table, the lateral strains listed for transition points 
indicate either the actual lateral strain measured at 2.5% axial strain, or the maximum lateral strain 
measured in cases where lateral strain gauges were damaged prior to reaching 2.5% axial strain.   
 
 
Figure 6.4: Schematic drawing of typical cyclic axial stress-strain behavior of SMA confined 
concrete.   
 
 
 
 
 
 
 
116 
 
Table 6.3: Test result summary of cyclically loaded SMA confined specimens 
 
Active 
Confinement 
(MPa) 
'
ccf   
(MPa) 
'
cc   
ultf  
(MPa) 
ult  
Transition Point 
resf  
(MPa) 
Lateral 
Strain 
Passive 
Confinement 
(MPa) 
UC-B1C 0 30.5 0.0016 - - - - - 
SMA-B1S2C 1.23 44.9 0.0027 16.9 0.0663 20.4 0.0278 0.42 
SMA-B1S3C 1.92 40.4 0.0035 30.9 0.1005 28.1 0.0134 0.54 
SMA-B1S5C 3.92 56.9 0.0057 46.0 0.0530 47.1 0.0068 0.96 
UC-B2C 0 39.6 0.0022 - - - - - 
SMA-B2S1C 0.91 45.1 0.0027 14.4 0.0533 17.4 0.0549 0.44 
SMA-B2S2C 1.23 46.0 0.0032 19.0 0.0523 19.7 0.0185 0.37 
SMA-B2S3C 1.92 49.3 0.0038 24.0 0.0765 28.9 0.0233 0.62 
SMA-B2S5C 3.92 59.8 0.0070 48.9 0.1198 45.6 0.0125 1.06 
UC-B3C 0 49.9 0.0022 - - - - - 
SMA-B3S2C 1.23 58.1 0.0031 18.9 0.0585 19.7 0.0385 0.50 
SMA-B3S3C 1.92 64.2 0.0037 27.7 0.0958 28.0 0.0243 0.63 
SMA-B3S5C 3.92 80.6 0.0056 44.8 0.0641 42.6 0.0056 0.93 
UC-B4C 0 36.1  0.0021  - - - - - 
SMA-B4S4C 2.85 51.0  0.0051  34.0  0.0939 37.5  0.0167 0.83 
UC-B5C 0 55.4  0.0023  - - - - - 
SMA-B5S4C 2.85 81.6  0.0044  38.0  0.0719 35.7  0.02093 0.89 
 
 Fig. 6.5 shows the axial stress-strain relation of the three cyclically loaded SMA confined 
concrete specimens with concrete strength of 30.5 MPa (4.4 ksi). The peak stresses of SMA-
B1S2C, SMA-B1S3C, and SMA-B1S5C were 44.9 MPa (6.5 ksi), 40.4 MPa (5.9 ksi), and 56.9 
MPa (8.3 ksi), respectively. With SMA confinement, the peak stress of the concrete increased by 
47.2%, 32.5%, and 86.6%, respectively compared to that of the unconfined concrete strength. The 
ultimate axial strain of SMA-B1S2C, SMA-B1S3C, and SMA-B1S5C were 0.0663 mm/mm, 
0.1005 mm/mm, and 0.0530 mm/mm, respectively and the corresponding ultimate stresses were 
37.6%, 76.5%, and 80.8% of the peak stresses, respectively.  
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(a)                                                                         (b) 
    
(c)  
Figure 6.5: Comparison between unconfined and confined axial stress-axial strain and axial 
stress-lateral strain relations of concrete with strength of 30.5 MPa (4.4 ksi) and different SMA 
confinement levels: (a) SMA-B1S2C; (b) SMA-B1S3C; (c) SMA-B1S5C. 
 
 Comparing specimens SMA-B1S2C and SMA-B1S5C, with active confining pressure of 
1.23 MPa (0.178 ksi) and 3.92 MPa (0.569 ksi), respectively, when reaching the transition point, 
the lateral strain for these two specimens were 2.78% and 0.68%, respectively, with corresponding 
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average passive confining pressures of 0.42 MPa (0.061 ksi) and 0.96 MPa (0.139 ksi), 
respectively. Average passive confining pressures were calculated based on the lateral strain along 
the wires and the stress-strain relation of SMA wires shown earlier in Fig. 6.2. One can notice that 
as the active confining pressure decreased from 3.92 MPa (0.569 ksi) to 1.23 MPa (0.178 ksi), in 
which the SMA volumetric ratio decreased from 1.31% to 0.42%, the lateral deformation increased 
by 309%. However, the average passive confining pressure developed in these specimens 
decreased by only 56% due to the confinement reduction caused by large spiral pitch. 
 Figure 6.6 shows the axial stress-axial strain and axial stress-lateral strain relations 
obtained under cyclic loading for confined and unconfined specimens with concrete strength of 
39.6 MPa (5.7 ksi). The peak stresses of SMA-B2S1C, SMA-B2S2C, SMA-B2S3C, and SMA-
B2S5C were 45.1 MPa (6.5 ksi), 46.0 MPa (6.7 ksi), 49.3 MPa (7.1 ksi), and 59.8 MPa (8.7 ksi), 
respectively. With SMA confinement, the peak stress of the concrete increased by 13.9%, 16.2%, 
24.5%, and 51.0%, respectively compared to that of the unconfined concrete strength. The ultimate 
axial strains of SMA-B2S1C, SMA-B2S2C, SMA-B2S3C, and SMA-B2S5C were 0.0533 
mm/mm, 0.0523 mm/mm, 0.0765 mm/mm and 0.1198 mm/mm, respectively and the 
corresponding ultimate stresses were 32.0%, 41.3%, 48.6% and 81.8% of the peak stresses, 
respectively. These results confirm that the peak stress and residual stress of SMA confined 
concrete increased as active confining pressure increased. It is worth noting that in some cases the 
monitoring of lateral strain was terminated earlier than that of axial strain due to damages sustained 
by lateral strain gauges during testing.  
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(a)                                                                        (b) 
 
(c)                                                                        (d) 
Figure 6.6: Comparison between unconfined and confined axial stress-axial strain and axial 
stress-lateral strain relations of concrete with strength of 39.6 MPa (5.7 ksi) and different SMA 
confinement levels: (a) SMA-B2S1C; (b) SMA-B2S2C; (c) SMA-B2S3C; (d) SMA-B2S5C. 
 
 Figure 6.7 shows the axial stress-strain relation of the three cyclically loaded SMA 
confined concrete specimens with concrete strength of 49.9 MPa (7.2 ksi). The peak stresses of 
SMA-B3S2C, SMA-B3S3C, and SMA-B3S5C were 58.1 MPa (8.4 ksi), 64.2 MPa (9.3 ksi), and 
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80.6 MPa (11.7 ksi), respectively. With SMA confinement, the peak stresses of the concrete 
increased by 16.4%, 28.7%, and 61.5%, respectively compared to that of the unconfined concrete 
strength. The ultimate axial strains of SMA-B3S2C, SMA-B3S3C, and SMA-B3S5C were 0.0585 
mm/mm, 0.0958 mm/mm, and 0.0641 mm/mm, respectively and the corresponding ultimate 
stresses were 37.6%, 76.5%, and 80.8% of the peak stresses, respectively.  
  
(a)                                                                     (b) 
  
(c) 
Figure 6.7: Comparison between unconfined and confined axial stress-axial strain and axial 
stress-lateral strain relations of concrete with strength of 49.9 MPa (7.2 ksi) and different SMA 
confinement levels: (a) SMA-B3S2C; (b) SMA-B3S3C; (c) SMA-B3S5C. 
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 Similarly, Fig. 6.8 plots the axial stress-strain relation of the two cyclically loaded SMA 
confined concrete specimens with the same spiral pitch 7.6 mm (0.3 in) and different concrete 
strengths (36.1 MPa [5.2 ksi] and 55.4 MPa [8.0 ksi]). The peak stresses of SMA-B4S4C and 
SMA-B5S4C were 51.0 MPa (7.4 ksi) and 81.6 MPa (11.8 ksi), respectively. With SMA 
confinement, the peak stresses of the concrete increased by 41.3% and 47.3%, respectively 
compared to that of the unconfined concrete strengths. The ultimate axial strains of SMA-B4S4C 
and SMA-B5S4C were 0.0939 mm/mm and 0.0719 mm/mm, respectively and the corresponding 
ultimate stresses were 66.7% and 46.6% of the peak stresses, respectively.  
 
 
(a)                                                                     (b) 
Figure 6.8: Comparison between unconfined and confined axial stress-axial strain and axial 
stress-lateral strain relations of concrete with strengths: (a) 36.1 MPa (5.2 ksi) and (b) 55.4 MPa 
(8.0 ksi) with the same SMA spiral pitch. 
 
  Figure 6.9 presents the ratio between active and total confining pressures (active + passive) 
vs. the active confinement values for all the specimens shown in Table 6.2. It can be observed that 
the ratio between active and total confining pressures ranges from 0.67 to 0.81 and this ratio 
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increases as the active confinement value increases. The variation of the data points in each active 
confinement level is attributed to the early terminated lateral strain measurement in some of the 
specimens, which resulted in a smaller measured lateral strain (i.e. passive confining pressure) 
than the actual values. Fig. 6.9 indicates that the effect of active confining pressure on delaying 
the dilation of concrete and increasing the concrete strength is more dominant than passive 
confining pressure, especially when the active confining pressure is large. In other words, when 
the active confinement decreases to a certain limit, it will play a far less important role in the 
improvement of strength and ductility. Comparing SMA-B2S1C with an active confining pressure 
of 0.91 MPa (0.132 ksi) and SMA-B2S2C with an active confining pressure of 1.23 MPa (0.178 
ksi), the differences on both peak stress and ultimate strain were only about 2%. Therefore, 1.23 
MPa (0.178 ksi) can be considered as a lower bound for effective SMA active confinement. Hence, 
SMA-B2S1C was not considered in the subsequent discussion.  
 
Figure 6.9: Ratio between active and total confining pressure at the transition point. 
  
 Figure 6.10 compares the failure modes of the 12 cyclically loaded SMA confined 
specimens. Most of the specimens confined with SMA spirals showed a clear diagonal shear cracks 
and failed due to the rupture of SMAs. One can also notice from Fig. 6.10 that concrete confined 
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by SMA spirals with smaller spacing encountered more local crushing before the rupture of the 
SMA spirals, while with larger spacing, lateral deformation developed faster in early loading 
stages and the specimen failed due to large shear cracking without too much local crushing and 
damage as shown in SMA-B2S5C. 
Figure 6.11 compares the envelopes of the axial stress-strain curves from cyclically loaded 
SMA confined concrete specimens from different concrete batches under the same level of active 
confining pressure. Fig. 6.11(a) compares the specimens with active confining pressure of 1.23 
MPa (0.178 ksi). With SMA confinement, the peak stresses of SMA-B1S2C, SMA-B2S2C and 
SMA-B3S2C increased from unconfined concrete strength by 46.7%, 32.2%, and 86.1%, 
respectively. However, as the specimens were loaded beyond the peak stress, all three specimens 
with varying concrete strengths experienced reduction in stress to a very close level of residual 
stress at about 2.5% axial strain (defined earlier as the transition point), and maintained nearly a 
plateau until reaching the ultimate strain. Similar phenomenon was also observed for the cases 
with active confining pressures of 1.92 MPa (0.278 ksi), 2.85 MPa (0.413 ksi) and 3.92 MPa (0.569 
ksi). One can conclude from these results that SMA confined concrete specimens with the same 
level of active confining pressure reach a similar level of residual stress at 2.5% axial strain and 
the ratio between residual stress and the ultimate stress is within a range of 0.9-1.2, which implies 
that regardless of the concrete strength, active confining pressure is the dominant factor that 
determines the stress plateau of SMA confined concrete. 
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Figure 6.10: Failure modes comparison of cyclically loaded specimens.  
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(a)                                                                              (b) 
     
(c)                                                                            (d) 
Figure 6.11: Stress-strain envelopes comparison for various concrete strengths and the same 
level of active confining pressure of: (a) 1.23 MPa (0.178 ksi); (b) 1.92 MPa (0.278 ksi); (c) 2.85 
MPa (0.413 ksi); and (d) 3.92 MPa (0.569 ksi). 
 
6.1.2.2 Prediction of Peak Point, Residual Stress, and Ultimate Point  
 There is a variety of empirical equations in the literature that have been developed and 
widely applied to predict the stress-strain behavior of confined concrete (Richart et al. 1928; 
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Popovics 1973; Mander et al. 1988b; Miamiran and Shahawy 1997; Lam and Teng 2004). With 
the aim of developing accurate constitutive model to predict the stress-strain behavior of SMA 
confined concrete, it is fundamental to explore the characteristics of peak axial stress point, 
residual stress and ultimate point, as well as predicting their values. Fig. 6.12(a) shows the peak 
axial stress from experimental results. The abscissa represents the active confinement ratio
'
, /l active cof f , which is defined as the ratio between active confining pressure and the unconfined 
concrete strength; while the ordinate is the peak axial stress normalized with respect to the 
unconfined concrete strength ( ' '/cc cof f ), which represents the confinement effectiveness. Fig. 
6.12(b) shows the axial strain corresponding to the peak axial stress. The abscissa represents the 
active confinement ratio 
'
, /l active cof f ; while the ordinate is the peak axial strain normalized with 
respect to the axial strain corresponding to the unconfined concrete strength  ( ' /cc co  ). Regression 
analyses were conducted to obtain empirical equations that can predict both the peak axial stress 
and its corresponding axial strain for SMA confined concrete. The suggested equations are shown 
as Eq. (6.2) and Eq. (6.3), with R-square values of 0.76 and 0.96, respectively. 
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where, ,l activef  is the active confining pressure induced by the shape memory effect of SMAs. 
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(a)                                                                       (b) 
Figure 6.12: Prediction of (a) peak axial stress and (b) its corresponding axial strain. 
 
 As explained earlier, the transition point is one of the key points on the stress-strain curve 
(see Fig. 6.4) that represents the start of the axial stress plateau. This point also represents where 
the residual stress is defined in this study. Fig. 6.13(a) presents the experimental results of residual 
stresses, in which the abscissa represents the active confining pressure ,l activef , while the ordinate 
is the residual stress 
resf . The figure demonstrates that the residual stress increases linearly as the 
active confining pressure increases. Using regression analysis, Eq. (6.4) was derived to describe 
the relationship between residual stress and active confining pressure with an R-square value of 
0.98. Similarly, Fig. 6.13(b) shows the experimental results of ultimate stress, which also increases 
linearly as the active confining pressure increases. Eq. (6.5) was derived to predict the ultimate 
stress as a function of active confining pressure with an R-square value of 0.97. 
     , 9.22 9.73 res l activef f   (MPa)                                             (6.4) 
, 10.43 6.25 ult l activef f   (MPa)                                            (6.5) 
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(a)                                                                         (b) 
Figure 6.13: Prediction of (a) residual stress and (b) ultimate stress. 
 
 One of the most significant advantages of SMA confinement is the potential to 
considerably improve the ductility and ultimate strain of concrete. Therefore, ultimate strain is an 
important parameter for the stress-strain behavior of SMA confined concrete. Through careful 
examination of the test data, it was observed that the ultimate strain is closely related to the strength 
degradation, i.e. the difference in the peak stress and residual stress. According to the experimental 
results, ultimate strain of SMA confined concrete increased as the ratio between residual stress and 
peak stress ( '/res ccf f ) increased. Fig. 6.14 shows the experimental results of ultimate strain ult  
and the ratio between residual stress and peak stress '/res ccf f . As shown in the figure, two of the 
data points were considered as outliers (SMA-B1S5C and SMA-B3S3C), therefore were not 
considered in the regression analysis. Based on regression analysis, Eq. (6.6) was found to be able 
to predict the relationship with an R-square of 0.88.   
 
4.229
'0.176 / 0.057ult res ccf f                                               (6.6) 
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Figure 6.14: Prediction of ultimate strain. 
 
6.1.2.3 Axial and Lateral Strain Relation under Cyclic Loading 
 As mentioned previously, SMA confined concrete behaves as a combination of active and 
passive confinement, and the contribution from active confinement becomes more significant as 
the active confining pressure increases. Therefore, it is important to examine the axial-lateral strain 
relation in order to better understand the dilation characteristics of SMA confined concrete. 
Poisson’s ratio is commonly used to describe axial-lateral strain relation and as for unconfined 
concrete, Poisson’s ratio usually ranges from 0.15 to 0.22 until the concrete reaches about 70% of 
its strength (Mirmiran and Shahawy 1997). As concrete continues to dilate, dilation ratio increases 
rapidly, and can reach values greater than 0.5 (Richart et al. 1928). There are two types of dilation 
ratios (Poisson’s ratio) often referred to in the literature, one is secant dilation ratio (Elwi and 
Murray 1979; Harries and Kharel 2002), which is the ratio between lateral and axial strain ( /l c  ); 
while the other is tangential dilation ratio (Elwi and Murray 1979; Mirmiran and Shahawy 1997), 
which is the ratio between incremental lateral and incremental axial strain ( /l c   ). Elwi and 
Murray (1979) showed that the secant dilation ratio and tangential dilation ratio were similar, but 
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the tangential dilation ratio displayed a higher rate. Due to the extensive number of data points per 
second measured during the present tests, tangential dilation ratio calculated based on the test 
results exhibited too much noise. Therefore, the secant dilation ratio was chosen in the present 
study to investigate the relation between axial and lateral strain. Fig. 6.15 shows the relation 
between secant dilation ratio /l c  , and the normalized axial strain /c co   (axial strain c  
divided by the axial strain corresponding to the unconfined concrete strength co ). The number 
shown in the legend for each specimen is the active confinement ratio '
, /l active cof f .  
 
 
Figure 6.15: Dilation ratio of SMA confined concrete vs. normalized axial strain. 
 
 For the majority of the specimens, the secant dilation ratio exhibited the following features: 
(1) the initial dilation ratio of confined concrete was similar to that of unconfined concrete; as 
concrete dilated, it reached a peak dilation ratio followed by a descending branch; eventually as 
concrete dilated substantially, it fully relied on the SMA spirals to keep it intact; therefore the 
dilation ratio reached a plateau; (2) the peak dilation ratio increased as the active confinement ratio 
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decreased; (3) the normalized axial strain at which the SMA confined concrete reached the peak 
dilation ratio increased as the active confinement ratio increased. 
 
6.1.2.4 Concrete Damage Propagation 
 As SMA confined concrete specimens were loaded cyclically, accumulated damage in 
concrete can be evaluated through concrete stiffness degradation in each cycle. Another indicator 
of concrete damage is plastic strain, which is the irrecoverable residual strain as concrete is 
unloaded to zero stress. Fig. 6.16(a)-(d) compare the stiffness degradation properties of SMA 
confined concrete cylinders with different concrete strength under the same level of active 
confining pressure. Normalized stiffness in each loading cycle was calculated as the ratio between 
the reloading stiffness 
rE  and the elastic stiffness 0E . As shown in the figures, stiffness degraded 
relatively fast early in the loading process at low axial strains; however, as axial strain increased, 
the rate of decrease in reloading stiffness 
rE  became slower and tended to maintain a constant 
value. One possible explanation for this observation is that at the beginning of loading, confining 
pressure was primarily governed by active confinement; when the passive confining pressure was 
developed in addition to the active confining pressure as concrete dilated, it helped further hinder 
the damage propagation, resulting in a slower stiffness degradation rate. One can also notice that 
for the same active confining pressure, SMA confined concrete specimens had the same stiffness 
degradation pattern, regardless of the concrete strength. Fig. 6.16(e) compares the stiffness 
degradation of SMA confined concrete with varying active confining pressures. As active 
confining pressure increased, the stiffness degradation became smaller and concrete confined with 
higher active confining pressure was able to maintain higher stiffness at the same unloading axial 
strain. One can also note that the normalized stiffness and unloading axial strain was approximately 
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linearly related in a semi-logarithmic scale, which indicates that the stiffness of SMA confined 
concrete logarithmically decreased as axial strain increased. Furthermore, Fig. 6.17 compares the 
plastic strain accumulation of SMA confined concrete cylinders with the same level of confining 
pressure but with different concrete strength. It demonstrates that axial plastic strain and unloading 
axial strain were linearly related and the ratios of axial plastic strain and unloading axial strain of 
all the tested specimens in the plastic range were around 0.98-0.99, which indicates that the amount 
of confinement provided by the SMA spirals did not affect the plastic strain accumulation rate. 
 
     
(a)                                                                         (b) 
Figure 6.16: Stiffness degradation under cyclic loading with varying concrete strength under the 
same level of active confining pressure of: (a) 1.23 MPa (0.178 ksi); (b) 1.92 MPa (0.278 ksi); 
(c) 2.85 MPa (0.413 ksi); (d) 3.92 MPa (0.569 ksi); and (e) with varying active confining 
pressures for specimens with concrete strength of 30.6 MPa (4.4 ksi) (in semi-logarithmic scale). 
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(c)                                                                        (d) 
 
(e) 
Figure 6.16 (continued). 
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(a)                                                                            (b) 
     
(c)                                                                             (d) 
Figure 6.17: Unloading axial strain and axial plastic strain relation comparison for the same 
level of active confining pressure and varying concrete strength of: (a) 1.23 MPa (0.178 ksi); (b) 
1.92 MPa (0.278 ksi); (c) 2.85 MPa (0.413 ksi); (d) 3.92 MPa (0.569 ksi). 
 
6.1.2.5 Monotonic vs. Cyclic Loading 
 Previous studies on active or passive confinement have shown that axial stress-strain 
response of concrete under monotonic loading appears to be the envelope of the axial stress-strain 
response of cyclically loaded concrete (Mander et al. 1988a; Bahn and Hsu 1998). To examine 
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whether this observation is still valid for SMA confined concrete, whose behavior is a combination 
of active and passive confinement, three specimens (UC-B2M, SMA-B2S2M and SMA-B2S3M), 
having the same concrete strength and active confining pressure as UC-B2C, SMA-B2S2C and 
SMA-B2S3C respectively, were tested under monotonic compression. Fig. 6.18 compares the 
behaviors of unconfined and SMA confined concrete under cyclic and monotonic loading with 
different confinement levels, S2 [1.23 MPa (0.178 ksi)] and S3 [1.92 MPa (0.278 ksi)]. One can 
observe that the monotonic stress-strain curve closely followed the trend of the cyclic stress-strain 
curve, including peak stress, descending slope, ultimate strain, residual stress and lateral 
deformation. In the case of active confining pressure equal to 1.23 MPa (0.178 ksi), the peak stress, 
ultimate stress and ultimate strain differences between cyclically (SMA-B2S2C) and 
monotonically (SMA-B2S2M) loaded specimens were 3.1%, 3.1% and 14.5%, respectively; while 
in the case of active confining pressure equal to 1.92 MPa (0.278 ksi), the peak stress, ultimate 
stress and ultimate strain differences between cyclically (SMA-B2S3C) and monotonically (SMA-
B2S3M) loaded specimens were 2.9%, 10.1% and 2.3%, respectively. Therefore, it could be 
concluded that for SMA confined concrete, monotonic stress-strain curve appears to be the 
envelope of the cyclic stress-strain curve. 
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(a)                                                                       (b) 
Figure 6.18: Comparison of unconfined and SMA confined concrete axial stress-strain behavior 
under monotonic and cyclic loading and different confinement levels of: (a) S2: 1.23 MPa (0.178 
ksi); (b) S3: 0.192 MPa (0.278 ksi). 
 
6.2 SMA VS. STEEL CONFINEMENT 
 In order to compare the effect of SMA confinement technique with conventional steel 
confinement, two pairs of SMA confined and steel confined specimens were tested. The diameter 
and the yield strength of the steel wires were 2.7 mm (0.106 in) and 359 MPa (52 ksi), respectively. 
Specimens SMA-B2S2C and Steel-B2S2C both used 19.05 mm (0.75 in) pitch spacing; SMA-
B2S2C had an active confining pressure of 1.23 MPa (0.178 ksi), while Steel-B2S2C had a passive 
confining pressure of 1.28 MPa (0.186 ksi), which was calculated based on steel yield strength and 
Mander et al. (1988b). Similarly, specimens SMA-B2S3C and Steel-B2S3C both used 12.7 mm 
(0.5 in) pitch spacing; SMA-B2S3C had an active confining pressure of 0.192 MPa (0.278 ksi), 
while Steel-B2S3C had a passive confining pressure of 1.96 MPa (0.284). Therefore, the pitch 
spacing and the confining pressure in each pair of specimens were designed to be the same, with 
the aim of eliminating the effect of pitch spacing and the amount of confining pressure in 
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comparing the behavior of different types of confinement (SMA vs. steel confinement). Fig. 6.19 
compares the behavior of SMA-B2S2C and Steel-B2S2C [Fig. 6.19(a)], and SMA-B2S3C and 
Steel-B2S3C [Fig. 6.19(b)]. For SMA spiral spacing of 19.07 mm (0.75 in) and 12.7 mm (0.5 in), 
SMA-B2S2C and SMA-B2S3C showed 7.0% and 8.7% higher peak stresses compared to the steel 
confined specimen Steel-B2S2C and Steel-B2S3C, respectively. Moreover, SMA-B2S2C and 
SMA-B2S3C showed 15.0% and 14.2% higher ultimate stresses, 110.6% and 134.9% larger 
ultimate strains than their steel confined counterparts (Steel-B2S2C and Steel-B2S3C). One can 
also notice that, although SMA confinement can improve the concrete strength, it has much more 
significant effect on the ductility improvement of concrete. Furthermore, Fig. 6.20 compares the 
damage evolution of specimens SMA-B2S3C and Steel-B2S3C during loading. For steel confined 
concrete, cracks developed in very early stage and the failure of the concrete was mainly due to 
the dilation of concrete exceeding the elongation capacity of the steel and failed with the rupture 
of steel. However, for SMA confined concrete, with active confinement applied to concrete prior 
to loading, the dilation of concrete was effectively delayed and before the rupture of SMA wires, 
more local crushing and damage accumulated. 
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(a)                                                                  (b) 
Figure 6.19:  Comparison of steel and SMA confined concrete axial stress-strain behavior (a) 
19.05 mm (0.75 in) spiral pitch; (b) 12.7 mm (0.5 in) spiral pitch. 
 
 
Figure 6.20: Evolution of concrete damage during loading (a) Steel-B2S3C; (b) SMA-B2S3C. 
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6.3 CONCLUSIONS 
 This chapter focused on experimentally investigating the behavior of SMA confined 
concrete. First, cyclic compressive tests were conducted on cylinders confined with five different 
spiral pitches and with active confining pressures ranging from 0.91-3.92 MPa (0.132-0.569 ksi). 
Then, two additional SMA confined cylinders with active confining pressures of 1.23 MPa (0.178 
ksi) and 1.92 MPa (0.278 ksi) were tested under monotonic loading, aiming to study the differences 
in the behavior of SMA confined concrete under cyclic and monotonic loading. Based on the 
experimental results, the following conclusions can be drawn: 
 The effectiveness of SMA confinement on concrete strength and ductility enhancement 
increases as active confining pressure increases.  
 Based on the test results of this study, the effect of SMA confinement was observed under an 
SMA active confining pressure as low as 1.23 MPa (0.178 ksi).   
 Based on regression analyses, this study was able to produce empirical equations for 
predicting the peak stress and the corresponding peak strain, residual stress, ultimate stress, 
and ultimate strain of SMA confined concrete.  
 Residual stress of SMA confined concrete was found to be independent of concrete strength 
and only a function of active confinement level.  
 Ultimate strain of SMA confined concrete increased as the ratio between the residual stress 
and peak stress of SMA confined concrete increased. 
 The stiffness of SMA confined concrete logarithmically decreased as axial strain increased, 
and under the same active confining pressure, SMA confined concrete exhibited the same 
stiffness degradation pattern, regardless of the concrete strength. 
 When comparing the behavior of concrete confined with SMA spirals under monotonic and 
140 
 
cyclic loading, the monotonic stress-strain curve was found to be the envelope of the cyclic 
stress-strain curve. 
 Compared to steel confinement, SMA confinement with 19.07 mm (0.75 in) and 12.7 mm (0.5 
in) spiral spacing show 7%-8.7% higher peak stress and 110.6%-134.9% larger ultimate strain 
than their counterpart steel confined specimens. 
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CHAPTER 7 EXISTING CONCRETE MODELS AND PRELIMINARY 
STUDY OF USING PLASTICITY MODEL FOR SMA CONFINED 
CONCRETE 
 
Despite the experimental work done on SMA confinement technique over the last few years, 
the numerical efforts are still lacking. As stated earlier, the unique behavior of SMA confined 
concrete is a combination of active confinement applied through heating the SMA spirals prior to 
loading, and passive confinement that develops as concrete dilates during loading. With the aim 
of developing a new material model to capture the behavior of SMA confined concrete, a literature 
review of existing confined concrete models will be presented in this chapter. Existing concrete 
models can be mainly divided into two types. One type is based on using empirical equations to 
fit the stress-strain relationship obtained from experimental testing, while the other is based on the 
theory of plasticity to describe the three-dimensional constitutive relationship of concrete. Various 
empirical equations have been developed and widely applied by previous researchers due to its 
simplicity. However, empirical equations are usually represented using one dimensional stress-
strain relation and assuming constant confining pressure, which are unable to describe the triaxial 
stress-strain behavior of concrete due to confinement. On the other hand, multi-dimensional 
models using plasticity theory are able to capture confined concrete behavior more accurately by 
utilizing the three-dimensional incrementally elastoplastic constitutive relation, in which the 
current triaxial stress-strain status affects the subsequent triaxial stress-strain relation and plasticity 
formation. Through this plasticity theory approach, not only active confinement (constant 
throughout the loading), but also passive confinement (develops as lateral strain increases) can be 
taken into account. Therefore, with the aim of modeling the unique behavior of SMA confined 
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concrete (combination of active and passive confined concrete behavior), the plasticity approach 
is utilized in this dissertation. The following section reviews some of the existing concrete models 
in the literature, with specific focus on these two model types. 
 
7.1 EMPIRICAL MODELS 
 Richart et al. (1928) presented one of the very early models that described concrete 
confinement. They suggested the following equations to predict the confined concrete peak stress 
and its corresponding strain. 
'
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where, 'ccf  and cc are peak concrete stress and the corresponding strain of confined concrete, 
respectively; 'lf  is the lateral pressure; 
'
cof  and co  are peak concrete stress and the corresponding 
strain of unconfined concrete, respectively.  
 Popovics (1973) presented the following formula to describe the complete stress-strain 
curve of normal weight concrete: 
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where, 
f  and   are the stress and strain at any point of the curve, respectively; 
0f  and 0  are the stress and strain at the peak point, respectively; 
   0 0 0/ / 1E f n n   and sec 0 0/E f  ; for normal weight concrete, 
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Scott et al. (1982) modified the confinement model published by Kent and Park in 1971. 
Kent and Park (1971)’s model was based on square column tests with four corner bars and square 
ties. They suggested that confinement increased the ductility but not the strength of the column. 
Scott et al. (1982) modified Kent and Park (1971)’s model by using a strength enhancement factor 
( K ). This factor was a function of the strength of the confinement provided and the compressive 
strength of the concrete. 
Pre-Peak Response: 
2
'
' '
2 c c
c cc
c c
f f
 
 
  
    
   
  '0 c c                                                           (7.4) 
Post-Peak Response:   ' ' '1 0.2c cc m c c ccf f Z f      'c c                                               (7.5) 
where,  ' 'cc cof Kf , 
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of confined core measured to outside of hoops and hs  is the vertical spacing of hoops. 
Mander et al. (1988b) proposed a concrete model to describe the stress-strain relation of 
confined concrete with transverse reinforcement. This model was capable of predicting the 
behavior of concrete confinement provided by steel transverse reinforcement in circular or 
rectangular columns subjected to either monotonic or cyclic loading. This model obtained the 
effective lateral confining pressure by using 'l l ef f k , where lf  is the lateral confining pressure 
from the transverse reinforcement and ek  is the confinement effectiveness coefficient, which was 
equal to the area of effectively confined concrete core divided by the total area of the concrete core 
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(see Fig. 7.1). Mander et al. (1988b) defined the effective core regions as a function of the 
configuration, spacing of the longitudinal, and transverse reinforcement, and they assumed that the 
unconfined region extended inwards of the center line of the transverse and longitudinal 
reinforcement in the form of a second degree parabola with an initial tangent slope of 45. They 
also derived expressions for the evaluation of the effectively confined area for spirals or circular 
hoops and also expressions for rectangular hoops with or without cross ties.  
 
  
Figure 7.1: Effectively confined core for circular hoop reinforcement (Mander et al. 1988b). 
 
Mander et al. (1988b) suggested that the general form of the modified Popovics expression 
should be used to predict the compressive stress-strain response. For a slow strain rate and 
monotonic loading, the axial compressive concrete stress cf  was given by the following equation. 
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; 'cof  and co  are the unconfined concrete 
compressive strength and its corresponding axial strain; 'ccf  and cc  are the confined concrete 
peak stress and its corresponding axial strain; cE  is the elastic modulus of concrete. 
Mander et al. (1988b) used a five parameter multiaxial failure criterion to determine the 
confined concrete strength 'ccf , with an assumption that lateral confining pressures in the two 
principal directions were equal. 
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where 'lf  is the confining pressure. 
Mander et al. (1988b) also presented a method for evaluating the compressive strain at 
failure. Failure was assumed to be reached at first hoop fracture. This event was evaluated by 
equating the ultimate strain energy at rupture of the transverse reinforcement to the compressive 
strain energy difference between confined and unconfined concrete, plus energy required to 
maintain longtitudinal reinforcement yield in compression. 
Tsai (1988) recommended a generalized form of the Popovics’s equation, which can 
control both the initial slope and the descending branch of the stress-strain curve. 
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where, n  is the factor to control the steepness rate of the descending branch of the stress-strain 
relation and when  / 1m n n  , the Tsai (1988)’s equation is reduced to Popovics (1973)’s 
equation; 0 sec/m E E , in which 0E  is the elastic modulus of concrete and secE  is defined the same 
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as that is Popovics (1973)’s equation. Parameter m  is used to control the steepness rate of the 
ascending branch of the curve. 
 Teng et al. (2007) derived an equation (Eq. 7.9) based on experimental results to describe 
the relation between axial strain and lateral strain of concrete under lateral confinement, which can 
be applied to unconfined, actively confined and passively confined concrete.  
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where, l  is a constant confining value for active confinement and is the current confining 
pressure for passive confinement which changes as the axial compressive stress increases; l  is 
the lateral strain; 'cof  is the peak stress of the unconfined concrete; co  is the strain corresponding 
to 'cof .  
 
7.2 PLASTICITY MODELS 
 Plasticity models can be described as constitutive models developed based on internal-
variable theory of plasticity (Lubliner 2008), which are characterized by three important 
components, namely, yield criterion, hardening/softening function and flow rule. These 
components are based on the multiaxial stress-strain states and for isotropic materials they are 
described by the principal stresses or the stress invariants to represent the coordinate system 
independence. The following subsections will first introduce the three important plasticity model 
components in general, and then be specific to describe the features of plasticity model for concrete 
and the Drucker-Prager plasticity model utilized in this dissertation to model the behavior of SMA 
confined concrete. 
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7.2.1 Yield Criterion 
Yield criterion is usually defined by a yield function F , which can be a function of plastic 
strain, hardening/softening function, etc. If 0F  , the material behaves within the yield surface 
and the stress state is purely elastic; if 0F  , the material yields. When loading continues, the 
stress state should remain on the yield surface and plastic strain appears. The subsequent yield 
surface at this time can move, expand or change shape. Once the yield function becomes 0F 
again after intersecting the yield surface, the material is under unloading. There are several types 
of yield criterions. Von Mises yield criterion ( 2F J k  ) can be used to describe the behavior 
of reinforcing steel. However, it is not suitable to model the behavior of concrete, because no 
plastic volume change can occur during plastic flow as the Von Mises yield criterion describes. 
That is, Von Mises yield criterion cannot account for the dilatancy of the concrete under 
compression. Mohr-Coulomb criterion ( tanc    ) is usually used as a failure criterion for 
concrete. Mohr-Coulomb surface is an irregular hexagonal pyramid in principal stress space, in 
which shear stress depends on cohesion and normal stress. Drucker-Prager yield criterion 
( 2 1F J I k   ) can be viewed as a combination of Von Mises criterion and Mohr-Coulomb 
criterion. It extends the Von Mises criterion by including the effect of hydrostatic pressure on the 
shear resistance of the material and can be also looked upon as a generalization of the Mohr-
Coulomb criterion with a smooth surface in stress space. For Drucker-Prager yield criterion, the 
yield surface has a circular cross section on the deviatoric planes and the plastic flow is 
accompanied with an increase in volume. Therefore, Drucker-Prager criterion is a proper model 
for confined concrete because of its simplicity, involving only two parameters and the ability to 
describe the increase of shear strength as the hydrostatic pressure increases.  
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7.2.2 Flow Rule 
Flow rule defines the direction of the plastic flow. If the potential function used is the same 
as the yield criterion function, an associated flow rule is adopted; while potential function is 
different from the yield criterion function, a non-associated flow rule is used. When the associated 
flow rule is often used in ductile material, the non-associated flow rule is often used in concrete 
and soil. General equation represents the flow rule is as follows. 
 1,2,3pj
j
G
d d j 


 

                                          (7.10) 
where G is the potential function and if an associated flow rule is used, G F ; d  is the 
magnitude of the plastic strain increment; 
j
G



 represents the direction of the plastic deformation. 
 
7.2.3 Hardening/Softening Function 
               Two basic types of hardening/softening rules are isotropic hardening and kinematic 
hardening. Isotropic hardening is that the shape of the yield surface does not change and only the 
size of the yield surface expands or shrinks. On the other hand, kinematic hardening is that the 
yield surface shifts away from the origin as a rigid body, which the size and the shape of the yield 
surface do not change. To model the behavior of concrete, hardening and softening should be 
incorporated into the model. Different kinds of hardening/softening functions are used in practice. 
Before the material reaches the peak strength, the hardening/softening function appears to be an 
ascending function, known as hardening. After that hardening/softening function begins to 
decrease, which is called softening. As for concrete plasticity model, when the concrete behaves 
elastically, hardening/softening function is equal to a certain constant value and yield function F  
is less than zero. At that time, there is no plastic strain. Once the stress state reaches the yield 
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surface, hardening/softening function begins to increase and yield surface expands/moves as the 
plastic strain increases until it reaches the peak stress. After reaching the peak stress, 
hardening/softening function starts to decrease and yield surface shrinks/moves as the plastic strain 
continues to increase until failure. 
 
7.2.4 Plasticity Models for Concrete 
Concrete is a type of material that processes very different properties under tension and 
compression. When concrete is under tension, it cracks and fails as cracks propagate in very small 
strain and hence is regarded as brittle. However, concrete possesses much higher strength under 
compression. Especially when concrete is under triaxial compressive stresses, it exhibits strain-
softening behavior with much larger ductility. In other words, the behavior of concrete depends on 
the multi-axial stress state. However, it is hard to develop a comprehensive concrete model that is 
able to capture concrete behavior under all stress states and a specific concrete model should be 
developed to represent essential properties of a specific situation. With the aim of modeling the 
behavior of SMA confined concrete, which is under triaxial compression, the concrete plasticity 
model should be able to account for the effect of hydrostatic pressure on the enhancement of 
concrete shear strength. To illustrate, Drucker-Prager yield criterion, one of the proper yield 
criterions that exhibit these features, is demonstrated. Fig. 7.2 shows first and subsequent yield 
surfaces of Drucker-Prager type yield criterion in the 3-D principal stress space  1 2 3, ,   . 
Hydrostatic stress is represented by OP axis, in which 1 2 3    . OP axis is equally inclined to 
the three principal stress axes and the magnitude of hydrostatic stress is equal to 3 m , where m
denotes mean stress 1 / 3I . On the other hand, second deviatoric stress is represented by QP. Any 
stress vector OQ in the stress space results in a first stress invariant vector along OP and a second 
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deviatoric stress vector QP perpendicular to OP. This model is able to capture the behavior of 
concrete due to confinement that the higher the mean stress, the larger the second deviatoric stress 
is required to reach the yield surface. In other words, the higher the lateral confining pressure, the 
higher shear strength concrete can achieve.  
 
 
Figure 7.2: Yield surfaces in the three-dimensional principal stress space (OP represents mean 
stress and QP represents second deviatoric stress). 
 
Some previous research has been done on using plasticity model to simulate the 3-D 
behavior of confined concrete. Oh (2002) developed a plastic model for unconfined and confined 
concrete with constant or changing confining pressure under uniaxial loading, which was based on 
the Drucker-Prager yield criterion and a non-associated flow rule. The hardening/softening 
function and the dilation rate function were derived as a function of the effective plastic strain and 
confining ratio using data generated from an empirical model derived by Oh (2002) based on 
previous test results. Wolf (2008) derived a concrete plasticity model based on the framework of 
Malvar (1994)’s model which was described in Malvar et al. (1994) and improved in Malvar et al. 
(1996). This plasticity model was based on three loading surfaces corresponding to yield, peak and 
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residual stress state of concrete, predicting the behavior of the confined concrete under multiaxial 
loading. This model was capable of dealing with changing confining pressure and cyclic loading 
and it also introduced a damage parameter to describe the degradation of concrete during loading. 
A non-associated flow rule was applied in this model, defined as a combination of the associated 
flow rule and Prandtl-Reuss flow rule (Chen 1982). Totally 24 parameters were needed to define 
loading surface, failure surface and flow rule for this model and in order to get a general model for 
concrete under three-dimensional loading, Wolf (2008) obtained these parameters by fitting those 
above mentioned equations (loading surface, failure surface and flow rule) with a wide range value 
of test data, including actively confined and passively confined concrete with different levels of 
confining pressures. Yu et al. (2010a) showed that Drucker-Prager plasticity model had the ability 
to predict the behavior of both actively confined and passively confined concrete and they also 
pointed out that in order to better predict the behavior of confined concrete, a plasticity model 
should have three features: (1) a yield criterion including the third deviatoric stress invariant; (2) 
a hardening/softening rule which is dependent on the confining pressure; and (3) a flow rule which 
is dependent not only on the confining pressure but also the rate of confinement increment. Yu et 
al. (2010a) developed the model based on the Extended Drucker-Prager plasticity model in 
ABAQUS using the USDFLD user subroutine to define hardening/softening function, flow rule 
and other model parameter based on the empirical model presented by Teng et al. (2007). Yu et 
al. (2010a) verified this model by comparing with test data from both actively confined concrete 
and FRP confined concrete and concluded that this model worked well in predicting the behavior 
of both actively confined and passively confined concrete. 
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7.2.5 Concrete Damaged Plasticity Model 
Concrete damaged plasticity model was first described in Lubliner et al. (1989) and 
modified in Lee and Fenves (1998). Concrete damaged plasticity model assumes the nonlinearity 
of concrete behavior is attributed to both concrete damage and plasticity. As shown in Fig. 7.3, a 
damage parameter d  is introduced to describe the reduced elastic modulus due to concrete damage. 
This damage parameter mainly reflects the unloading and reloading stiffness degradation of 
concrete. 
 
Figure 7.3: Definition of effective stress. 
 
Therefore, the effective concrete stress is  / 1 d   , in which   is the compressive 
stress. Yield criterion of damaged plasticity model is shown in Eq. 7.11. 
     2 11 ˆ ˆ3 0
1
pl pl
max max cF J I       

      
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where  0.5x x x  ; 1I is the effective first stress invariant; 2J is the effective second 
deviatoric stress invariant; ˆ
max  is the maximum principal effective stress; 
pl  is the equivalent 
plastic strain, subscript t and c are for tensile and compressive equivalent plastic strain, 
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respectively; 0 0/b c   is the ratio of initial equibiaxial compressive yield stress to initial uniaxial 
compressive yield stress; c  and t  are effective compressive and tensile cohesion stress, 
respectively; cK  is the ratio of the second stress invariant on the tensile meridian to that on the 
compressive meridian at initial yield for a given 
1I . Negative stress is for compression. For the 
triaxial compression case, ˆ 0max   and ˆ ˆmax max    . In the tensile meridian, 1 2 3    . 
One of the examples for this case is that lateral confining pressure is greater than the axial 
compressive stress. In the compressive meridian, 2 3 1    . This case can represent lateral 
confining pressure is less than the axial compressive stress. Eq. 7.12 and Eq. 7.13 show max  in 
tensile and compressive meridian and Eq. 7.14 shows the yield surface for triaxial compression. 
 max 1 2 11 2 3
3
I J                                                       (7.12)                             
 max 1 2 21 3
3
I J                                                        (7.13) 
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   
 
     
 
                               (7.14) 
This yield function reduces to Drucker-Prager yield function when concrete is in triaxial 
compression (Yu et al. 2010b) as given by the following function:  
                     2 1 0J I k                                                         
(7.15) 
where, 
2J  and 1I  are effective second deviatoric stress invariant and effective first stress invariant, 
respectively;  is frictional angle and its calculation was described in Oh (2002); k is 
hardening/softening function. Beside, since 
2J , 1I and k  are values with a factor of  1/ 1 d  
compared to the actual values, Eq. 7.15 will be equivalent to Eq. 7.16.    
2 1 0J I k                                                          (7.16) 
A non-associated flow rule was adopted for concrete plastic flow in this model, which was 
a function of plastic deformation and lateral confining pressure for a given material (Oh 2002; Yu 
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et al. 2010a). The following Drucker-Prager type potential function is a sample of plastic flow for 
concrete. 
                  2 1G J I                                                         (7.17) 
where,   is potential function parameter to be determined based on the deformation property. 
Similar to the hardening/softening function, the potential function can also be written in terms of 
actual stress instead of effective stress as 2 1G J I  . A dilation rate function   is commonly 
used to describe the potential flow for confined concrete, and this dilation function can be 
calculated based on axial stress-strain relation, axial-lateral strain relation (Eq. 7.9), using Prandtl-
Reuss equations (Eq. 7.18) and Eq. 7.19 (Yu et al. 2010a). 
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where   is the dilation rate function; pc  is the incremental axial plastic strain; 
p
l  is the 
incremental lateral plastic strain; pc  is the axial plastic strain; 
p
l  is the lateral plastic strain; c  
is the total axial strain; 
l  is the total lateral strain; c  is the axial stress; l  is the lateral stress; E  
is the elastic modulus and   is the Poisson’s ratio. 
 One of the focus points of this dissertation is to develop a plasticity model to capture the 
triaxial compressive behavior of concrete due to SMA confinement. This Drucker-Prager plasticity 
model described above is able to not only capture the active and passive confinement combination, 
but also take into account the 3-D concrete stress state during loading. Due to these advantages, 
Drucker-Prager plasticity model will be used in this study to model the unique behavior of SMA 
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confined concrete and a preliminary model will be presented in the next section within the 
framework of ABAQUS Concrete Damaged Plasticity Model to examine and validate the 
feasibility of using this plasticity model to simulate the SMA confined concrete behavior. 
 
7.3 PRELIMINARY ANALYSIS OF USING PLASTICITY MODEL FOR SMA 
CONFINED CONCRETE 
 As stated earlier, the behavior of SMA confined concrete is different from purely active or 
purely passive confinement in the sense that prior to concrete loading, recovery stress in the spiral 
actively confines concrete, while during loading concrete dilates laterally and additional passive 
confining pressure is exerted on the concrete element. Therefore, existing concrete empirical 
models developed based on either purely actively or purely passively confined concrete are not 
suitable and capable of modeling SMA confined concrete behavior. Before examining the 
feasibility of using plasticity model to simulate SMA confined concrete, it is important to verify 
that existing empirical models cannot predict the behavior of SMA confined concrete. Fig. 7.4 
compares several existing models with the SMA confined concrete test conducted by Shin and 
Andrawes (2010) and demonstrates the incapability of these existing empirical models to simulate 
SMA confined concrete behavior, especially in large deformation region, due to the constant 
confining pressure assumption in the empirical equations and the incapability of capturing varying 
confining pressure during loading, which results in underestimation of axial stress in large axial 
strain range. Besides, theoretically, it is not accurate to assume constant confining pressure when 
modeling SMA confined concrete. Therefore, it is essential to capture the varying confining 
pressure in the SMA confined concrete constitutive model in order to capture the 3-D behavior, 
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and hence plasticity model could be a good candidate. This chapter aims to verify the feasibility 
of using plasticity model to describe SMA confined concrete behavior. 
 
Figure 7.4: Comparison of existing empirical models and the experiment conducted by Shin and 
Andrawes (2010). 
 
7.3.1 Preliminary Plasticity Model Description 
 To validate the feasibility of using plasticity model for this research, Concrete Damaged 
Plasticity Model within the framework of finite element program ABAQUS was utilized to model 
three 152 mm × 305 mm (6 in × 12 in) concrete cylinders with different amount of SMA 
confinement and different concrete strengths. The characteristics of these three specimens are 
summarized in Table 7.1. SP-1 and SP-3 were tested by Shin and Andrawes (2010) under uniaxial 
compression: SP-1 was confined with SMA spirals with 13 mm (0.5 in) pitch spacing and SP-3 
was confined with 4 layers of Glass-FRP (GFRP) and 13 mm (0.5 in) pitch spacing SMA spirals 
wrapped on top of the GFRP jacket. One more cylinder confined with SMA spirals with 25.4 mm 
(1 in) pitch spacing was also tested. Each layer of GFRP sheet had a thickness of 0.11 mm (0.004 
in). The elastic modulus and ultimate strain of GFRP were 19000 MPa (2756 ksi) and 0.018 
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mm/mm, respectively. SMA wires from all these three specimens had the same diameter 2 mm 
(0.0787 in), but have different residual recovery stresses after prestrain losses as shown in Table 
7.1, since different batches of SMA wires were used. The constitutive behavior of SMA hoops 
used here was based on SMA wire tensile coupon test result after stress recovery (Dommer and 
Andrawes 2012) with modification based on different recovery stresses in SP-1, SP-2 and SP-3. 
 
Table 7.1: Characteristics of the SMA confined concrete specimens in the model 
Label Confinement Type 
Concrete 
Strength 
(MPa) 
SMA Residual 
Recovery Stress 
(MPa) 
SP-1 13 mm spacing SMA  39.2 447 
SP-2 25.4 mm spacing SMA  56.8 600 
SP-3 4 layers GFRP and 13 mm spacing SMA  39.2 427 
 
A vertical slice at the mid-height of the cylinder with height of one pitch spacing was 
modeled for all three specimens. An assumption was made that the constraints at both ends of the 
cylinder have little effect on the behavior at mid-height of the cylinder and concrete slice is free to 
dilate laterally. For simplicity and since the pitch spacing was considered small, the spiral was 
modeled as a series of hoops. Fig. 7.5 displays the finite element mesh of concrete with a SMA 
hoop at the mid-height of the slice [Fig. 7.5(a)] and the finite element mesh of the GFRP jacket 
[Fig. 7.5(b)]. For all three specimens, concrete was modeled by 8-node solid elements. SMA hoops 
were modeled by 2-node truss elements. 4-node shell elements were used to model the GFRP 
jacket. GFRP jacket was assumed to have linear elastic behavior until rupture. The failure surface 
of GFRP jacket was represented by Von Mises Criterion with failure stress calculated from the 
tensile rupture strain. The interactions between concrete and GFRP jacket, between concrete and 
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SMA hoops, and between GFRP jacket and SMA hoops were modeled by tie constraint in 
ABAQUS, which tied the nodes from one surface to the corresponding node in the contact surface, 
and the two tied nodes maintained the same displacements. This assumed slippage between two 
contact surfaces to be negligible. As for the loading, it was applied on two phases; in the first phase, 
SMA wires were activated (prestressed), while in the second phase displacement-controlled 
downward loading was applied on the top surface of the model. During the activation of SMA, 
both top and bottom surfaces of the model were free to move vertically and laterally. However, 
during the axial loading phase, the bottom surface of the model was restricted from moving in the 
vertical direction. 
 
 
Figure 7.5: Finite element meshes for (a) concrete and (b) GFRP jacket. 
 
7.3.2 Preliminary SMA Confined Concrete Model 
7.3.2.1 Model Assumption 
Previous researchers modeled FRP confined concrete stress-strain curves based on a series 
of actively confined concrete stress-strain curves (Chun and Park 2002; Teng et al. 2007), with an 
assumption that each point on the stress-strain curve of FRP confined concrete is corresponding to 
a point on the actively confined concrete stress-strain curve with the same lateral confining 
pressure as provided by FRP jacket. This study extends this concept to SMA confined concrete. 
Fig. 7.6 shows the intersection of SMA confined concrete stress-strain test result (Shin and 
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Andrawes 2010) and a set of actively confined concrete stress-strain curves with different 
confining pressures (based on Mander et al. 1988b). The figure illustrates that the initial response 
of SMA confined concrete follows the path of actively confined concrete stress-strain curve with 
confining pressure similar to the initial active confining pressure from SMA spirals, which was 
equal to 1.42 MPa (0.206 ksi) for this test based on Mander et al. (1988b). During loading, as 
concrete dilates, SMA confined concrete stress-strain curve intersects those actively confined 
concrete stress-strain curves sequentially as the confining pressure increases. This validates the 
assumption that each point on the axial stress-strain curve of SMA confined concrete corresponds 
to a point on the actively confined concrete axial stress-strain curve with the same lateral confining 
pressure as provided by the SMA spirals. 
 
Figure 7.6: Intersection of several actively confined concrete stress-strain curves with SMA 
confined concrete test result. 
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7.3.2.2 Concrete Plasticity Model 
(1) Yield Criterion 
 The yield criterion in ABAQUS is based on the damaged plasticity model proposed by 
Lubliner et al. (1989) and modified in Lee and Fenves (1998). This yield function reduces to 
Drucker-Prager yield function when concrete is in triaxial compression (Yu et al. 2010b). One of 
the input parameters in the damaged plasticity model in ABAQUS is parameter cK , which is 
defined as the ratio of second stress invariant on the tensile meridian to that on the compressive 
meridian at initial yield for a given first stress invariant (Lubliner et al. 1989). cK  represents the 
effectiveness of lateral confining pressure in improving shear strength and it decreases as the 
effectiveness of confining pressure increases. Different tests revealed different values for cK  [0.69 
from Richart et al. (1928) using active confinement; 0.64 from Schickert and Winkler (1977) using 
active confinement; 0.725 from Teng et al. (2007) using FRP confinement]. A cK  factor of 0.64 
is used in this preliminary study for SP-1 and SP-2 based on Schickert and Winkler (1977) test 
result for active confinement. Although the true behavior of SMA confined concrete is not entirely 
active, the contribution from active confining pressure is dominant, which was discussed earlier in 
Chapter 6 and hence a cK value corresponding to active confinement is used. However, more 
comprehensive model development is needed, which will be presented in Chapter 8. For SP-3 
(GFRP-SMA confined concrete), a modified cK  should be utilized, as a result of the presence of 
GFRP jacket between SMA hoops and concrete, which reduces the effectiveness of SMA 
confinement as verified by the experimental results of Shin and Andrawes (2010). In their 
experiments, SMA confined concrete using SMA spirals with 13 mm (0.5 in) pitch spacing 
resulted in a peak stress of 47.3 MPa (6.9 ksi), while GFRP-SMA confined concrete using hybrid 
wraps with 4 layers of GFRP and 13 mm (0.5 in) pitch spacing SMA wrapped on the top of the 
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GFRP ended up with a peak stress of 42.8 MPa (6.2 ksi). Therefore, the introducing of GFRP 
jacket between concrete and SMA spirals reduced the peak stress by 9.5%. Using trial and error 
and the experimental results of Shin and Andrawes (2010), a value of 0.85 was adopted for cK  
before GFRP ruptures. 
 
(2) Hardening/Softening Function 
 Hardening/softening functions feature the yield surfaces evolution as plastic strain 
increases. Previous experimental results demonstrated that hardening/softening function of 
confined concrete depends on concrete strength, lateral confining pressure and plastic deformation 
(Oh 2002; Yu et al. 2010a). In this preliminary model, the same assumption was adopted so that 
the hardening/softening function  ', ˆ, , pl total cok f f f   is a function of current total confining 
pressure ,l totalf , concrete strength
'
cof , and equivalent plastic strain ˆ
p . Three series of 
hardening/softening functions with different confining pressures were calculated using
2 1k J I    and the triaxial stress status generated by using Mander et al. (1988b)’s model in 
order to represent the hardening/softening functions for SP-1, SP-2 and SP-3. It is worth noting 
that in the proposed numerical model, the peak strain and the slope of the descending branch are 
closely related to the peak strain value proposed by Mander et al. (1988b) in Eq. 7.20.  
 ' '21 / 1cc co cc cok f f                                                      (7.20) 
where c  is axial strain; co  is strain corresponding to unconfined peak concrete stress; 
'
cof  is 
unconfined concrete strength; 'ccf  is confined concrete peak stress; and 2k  is a constant parameter 
that can vary between 1.7 and 5 (Chang and Mander 1994). Fig. 7.7 shows the theoretical results 
of concrete axial stress-strain curves based on Mander et al. (1988b)’s model with varying 2k
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values and this figure demonstrates that smaller 2k  value results in smaller peak strain and steeper 
descending branch. In the model proposed by Mander et al. (1988b), 2k  was equal to 5. After 
several trials, 2k  values of 4.5 and 5 were adopted in this study for SMA (SP-1 and SP-2) and 
GFRP-SMA (SP-3) confined concrete, respectively. Fig. 7.9 displays the three series of 
hardening/softening functions normalized by  0.53    with different confining pressures lf : k  
values in Fig. 7.8(a)-(c) were used in the simulation of SP-1, SP-2 and SP-3. The reason that the 
calculated k  values are normalized by  0.53    is because this normalized k  is the required 
input in ABAQUS for the damaged plasticity model. Since SP-1, SP-2 and SP-3 had different 
unconfined concrete strengths and the proposed hardening/softening function is a function of 
current confining pressures (lateral stresses), concrete strength and plastic strain, the 
hardening/softening values k  in Figs. 7.8(a)-(c) appear to be different when they were plotted as 
a function of plastic strain in 2-D plots. One should note that the hardening/softening function 
utilized in this preliminary study was the same for all the specimens and they were all calculated 
based on the triaxial stresses from Mander et al. (1988b)’s model. Isotropic hardening is assumed 
in the following discussion. Interpolation was adopted among hardening/softening functions with 
different confining pressures. 
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Figure 7.7: Theoretical stress-strain curves based on Mander et al. (1988b) with varying 
2k  
( ' 39.2 MPa, 3 MPaco lf f     ). 
 
        
(a)                                                                           (b) 
Figure 7.8: Series of hardening/softening functions (a) for SP-1; (b) for SP-2; and (c) for SP-3. 
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(c) 
Figure 7.8 (continued). 
 
(3) Flow Rule 
 Flow rule illustrates the plastic strain deformation rule. Flow rule is described by potential 
flow function. If the plastic potential function is the same as the yield criterion, it is called 
associated flow rule. Otherwise, it is called non-associated flow rule. Associated flow rule is 
widely used for metals, but it overestimates plastic expansion of concrete, soil and rock. Therefore, 
a non-associated flow rule is adopted for concrete plastic flow, which is a function of concrete 
strength, plastic deformation and lateral confining pressure (Oh 2002; Yu et al. 2010a). The 
following Drucker-Prager type potential function is used in ABAQUS: 
 22 13 tan / 3G J I                                                    (7.21) 
where   is dilation angle function. In order to describe the potential flow for SP-1, SP-2 and SP-
3, three series of confining pressure dependent dilation angle functions were calculated based on 
axial stress-strain relation from Mander et al. (1988b)’s model, axial-lateral strain relation from 
Eq. 7.9, using Prandtl-Reuss equations (Eq. 7.18) and Eq. 7.19 (Yu et al. 2010a).  
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and pc  is the incremental axial plastic strain; 
p
l  is the incremental lateral plastic strain; 
p
c  is 
the axial plastic strain; pl  is the lateral plastic strain; and   is the dilation rate, which is defined 
as the ratio between incremental volumetric plastic strain and incremental deviatoric plastic strain. 
If  is negative, that means the volume of the concrete specimen decreases (volumetric 
compaction); if   is positive, that means the volume increases (volumetric dilation). Fig. 7.9 
displays the three series of dilation rate functions  : functions in Fig. 7.9(a)-(c) were used in the 
simulation of SP-1, SP-2, and SP-3. Note that similar to the hardening/softening function, the 
dilation angle function utilized in this preliminary study was the same for all the specimens and 
because SP-1, SP-2, and SP-3 had different unconfined concrete strengths, the dilation rate 
functions appeared to be different in Fig. 7.9(a)-(c) when they were plotted as a function of plastic 
strain in 2-D plots. One might notice from Fig. 7.9 that the   increased steeply at the beginning 
and the increasing rate became much smaller after a transition point. This transition point happened 
when concrete reaches its peak stress, which indicates that after reaching the peak stress, the plastic 
strain accumulation rate decreased. Interpolation was adopted among dilation rate functions with 
different confining pressures. 
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(a)                                                                           (b) 
 
(c) 
Figure 7.9: Series of dilation angle functions (a) for SP-1; (b) for SP-2; and (c) for SP-3. 
 
7.3.3 Validation of the Preliminary Model 
 Since the material parameters for the preliminary plasticity model described in the previous 
section were derived from the stress-strain relation of Mander et al. (1988b) and Eq. 7.9, in this 
section, numerical simulations are conducted to verify that the preliminary material model is 
capable of predicting the experimental results of specimens SP-1, SP-2, and SP-3. Fig. 7.10(a) 
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shows a comparison of the stress-strain behavior of SMA confined concrete (SP-1) with spirals 
spacing 13 mm (0.5 in) between the experimental result and numerical prediction from the 
preliminary plasticity model. The preliminary model can capture the peak stress and the softening 
branch of the axial stress-strain curve in an acceptable accuracy. The prediction of the peak stress 
is 47.2 MPa (6.85 ksi), while the experimental result is 47.4 MPa [6.87 ksi] (0.4% difference). The 
ultimate stress, which is defined as the axial stress of SMA confined concrete right before the 
failure of the specimen (i.e. SMA hoop fractures), in the preliminary model at 0.038 mm/mm is 
22.9 MPa (3.32 ksi), while the experimental result is 26.2 MPa [3.80 ksi] (12.6% difference). Fig. 
7.10(b) shows a comparison of the stress-strain behavior of SMA confined concrete (SP-2) with 
spirals spacing 25.4 mm (1 in) between the experimental result and numerical prediction from the 
preliminary plasticity model. Similar to SP-1, the preliminary model is able to closely predict the 
behavior of SP-2. The prediction of the peak stress is 63.4 MPa (9.20 ksi), while the experimental 
result is 60.1 MPa [8.72 ksi] (5.2% difference). The ultimate stress in the preliminary model at 
0.057 mm/mm is 19.6 MPa (2.84 ksi), while the experimental result is 16.7 MPa [2.42 ksi] (17.4% 
difference). Fig. 7.10(c) shows axial stress-strain curve of GFRP-SMA confined concrete (SP-3) 
test result compared with the preliminary plasticity model. The preliminary model can capture 
peak stress and closely predict the rupture of GFRP jacket. The peak stress from the preliminary 
model is 42.82 MPa (6.21 ksi), while the experimental result is 42.77 MPa (6.20 ksi). In the 
preliminary model, GFRP ruptures at a concrete axial stress of 34.7 MPa (5.03 ksi) and axial strain 
of 0.0091 mm/mm; while in the experiment, GFRP ruptured at a concrete stress of 32.6 MPa (4.73 
ksi) and a strain of 0.0093 mm/mm. The differences are 6.4% and 2.2%, respectively. After GFRP 
ruptures, experimental axial stress dropped abruptly and increased gradually afterward, while the 
FE simulation shows a slightly decreasing branch. However, the difference between the 
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experimental and numerical results is deemed minor and the preliminary model is found to be 
capable of closely predicting the behavior of GFRP-SMA confined concrete. In the GFRP-SMA 
hybrid confinement case, one might notice that after reaching the peak stress, in both the 
experimental result and the numerical prediction, the axial stress decreased slowly and 
approximately reached a plateau; while compared to the pure SMA confinement case, the axial 
stress of concrete dropped faster than the case with GFRP jacket between concrete and SMA spiral. 
This was attributed to the passive confining pressure developed and applied by both SMA spiral 
and GFRP jacket as concrete dilates, which can further improve the strength of concrete and 
compensates the stress degradation due to the cracks development and propagation compared to 
the pure SMA confinement case in which the passive confining pressure is only provided by SMA 
spiral.  
 
 
(a)                                                                (b) 
Figure 7.10: Experimental versus numerical stress-strain behaviors for specimens (a) SP-1, (b) 
SP-2 and (c) SP-3. 
 
(a) SP-1 (b) SP-2
(c) SP-3
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(c) 
Figure 7.10 (continued). 
 
 Figure 7.11 shows the evolution of confining pressure of concrete in specimen SP-1 model 
after active confinement is initiated and while the axial load is being applied. Confining pressure 
is uniformly distributed in the circumferential direction. Before concrete dilates, surface concrete 
under SMA hoop exhibits higher confining pressure than core concrete; while confining pressure 
of surface concrete between SMA hoops appears to be lower than core concrete. According to the 
FE results, the variation of active confining pressure throughout the height of surface concrete 
converges to the average value (1.41 MPa [0.205 ksi]) at a point about 12.7 mm (0.5 in) from the 
surface. As the applied axial load increases, confining pressure starts to increase slightly. However, 
when the confining pressure under SMA hoop becomes large enough to cause crushing of concrete 
under the hoop, concrete under SMA hoop begins to lose the ability to sustain larger confining 
pressure from the SMA hoop. Therefore, it shows in Fig. 7.11(c) that the confining pressure under 
SMA hoop starts to decrease and in Fig. 7.11(d) the diametric stress under SMA hoop is greater 
than zero but is lower than tensile strength; while at the same time the confining pressure between 
(a) SP-1 (b) SP-2
(c) SP-3
170 
 
SMA hoops is higher than that under SMA hoop. However, the variation of confining pressure on 
the surface concrete still converges to a certain value as the distance to the surface becomes larger. 
Fig. 7.12 displays the evolution of GFRP hoop stress in SP-3 model after active confinement 
initiation and while the axial load is being applied. It is shown that before axial load is applied, the 
hoop stress in the GFRP is in compression (negative) due to the prestress from the SMA hoop. As 
axial load increases, the compressive GFRP hoop stress under the spiral increases at the beginning, 
because the change of GFRP hoop stress due to concrete lateral expansion (results in tensile GFRP 
hoop stress) is less than that due to the increase of SMA hoop stress (results in compressive GFRP 
hoop stress). Then, as concrete starts to dilate rapidly, the tensile hoop stress in the GFRP keeps 
increasing until GFRP ruptures; after that, the GFRP hoop stress reduces to almost zero. One 
should notice that the GFRP tensile stress under the SMA hoop appears to be less than that between 
the SMA hoops, because, without the SMA hoop on top of the GFRP, the expansion of the GFRP 
between SMA is larger.  
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Figure 7.11: Evolution of confining pressure (MPa) in SP-1 model (a) after active confining 
pressure is applied and before axial load application; (b) when axial strain is 0.001 mm/mm; (c) 
when axial strain is 0.009 mm/mm; (d) when axial strain is 0.038 mm/mm (Note: Element size in 
the radial direction is 6.35 mm).  
 
 
Figure 7.12: Evolution of GFRP hoop stress (MPa) in SP-3 (a) after active confining pressure is 
applied and before axial load application; (b) when axial strain is 0.0013 mm/mm; (c) peak stress 
before rupture; (d) after rupture. 
 
 
 
(a) (b)
(c) (d)
(a) (b)
(c) (d)
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7.4 CONCLUSIONS 
 This chapter focused on reviewing existing concrete models in the literature and examining 
the feasibility of using plasticity models in describing and analyzing the behavior of SMA confined 
concrete using finite element method within the framework of damaged plasticity model in 
ABAQUS. The results showed that the preliminary plasticity model can closely predict the stress-
strain relation of some of the SMA confined concrete. Generally, this model yields a relatively 
good match for peak stress and softening branch. However, the hardening/softening function and 
flow rule adopted in the FE models were both computed based on Mander et al. (1988b), which 
assumed purely actively confined concrete, and SMA confinement is a combination of both active 
and passive confinement, a more accurate model can represent the actual SMA confined concrete 
is needed. Nevertheless, this preliminary study proved that empirical model without reflecting the 
varying confining pressure during loading is not able to simulate SMA confined concrete, but 
plasticity model using Drucker-Prager type yield criterion and non-associated flow rule is capable 
of simulating and predicting the stress-strain behavior of SMA confined concrete. Besides, this 
preliminary analysis shows that, both hardening/softening function and the dilation angle function 
for SMA confined concrete should be a function of concrete strength, equivalent plastic strain and 
confining pressure, in order to reflect the SMA confined concrete behavior. However, a more 
accurate model development should be carried out to obtain representative hardening/softening 
function and flow rule, rather than using those available in the literature, which were not derived 
based on SMA confined concrete properties. 
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CHAPTER 8 DEVELOPMENT AND VALIDATION OF SMA CONFINED 
CONCRETE CONSTITUTIVE MODEL  
 
 In this chapter, a constitutive relation of SMA confined concrete was derived and validated 
within the framework of plasticity theory, which can capture the varying confining pressure during 
loading. First, the behavior of SMA confined concrete was examined in this chapter and a lateral 
strain-axial strain model was proposed based on the experimental results. This lateral-axial strain 
model is one of the essential components for the plasticity model because: (1) it helps to determine 
the actual lateral confining pressure corresponding to every loading step; (2) it determines the 
dilation feature of concrete. Then, a plasticity model, including yield criterion, hardening/softening 
functions, flow rule and damage parameters, was derived based on these concrete cylinders test 
results presented in Chapter 6 within the framework of Drucker-Prager plasticity model. Finally, 
this proposed model was validated by comparison with experimental results. 
 
8.1 BEHAVIOR OF SMA CONFINED CONCRETE 
8.1.1 Computation of Lateral Confinement 
 After prestressing the SMA spiral through the thermal activation of shape memory effect, 
as loading is applied, additional passive confining pressure is induced as concrete dilates. Hence, 
the total confining pressure sustained by concrete is a combination of active and passive confining 
pressures, which depends on the recovery stress of SMA upon heating, dilation of concrete, 
diameter of SMA wires, diameter of circular section, and the pitch spacing of the SMA spirals. 
The total lateral confining pressure applied on circular concrete section can be computed using the 
following equation proposed by Mander et al. (1988b): 
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                          ,
2 SMA SMA e
l total
f A k
f
sD
                                                            (8.1)                                                                         
where, 
SMAf  is the stress developed in SMA wires; SMAA  is SMA wires’ cross section area; D  is 
concrete cross section diameter; s  is pitch spacing of  SMA spiral; 
ek  is the effectiveness factor, 
which is computed as    1 '/ 2 / 1e cck s D    , where ' s SMAs d  , and cc  is the longitudinal 
reinforcement ratio. 
SMAf  can be calculated using Eq. (8.2), which was derived using the SMA 
tensile coupon test result shown in Chapter 6. In Eq. (8.2), 
h  is the strain of SMA spiral; and rf  
is the recovery stress of SMA wire. Fig. 8.1 shows good agreement between the proposed and the 
experimental stress-strain behaviors of prestressed NiTiNb SMA. 
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Figure 8.1: Comparison of prestressed SMA stress-strain model with test results. 
 
8.1.2 Lateral and Axial Strain Relation 
 It is critical to understand the concrete lateral and axial strain relation in order to understand 
the SMA confined concrete behavior as well as to develop a plasticity model that can represent 
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their relation. None of the existing concrete axial-lateral strain models (e.g. Elwi and Murray 1979; 
Mirmiran and Shahawy 1997; Harries and Kharel 2002; Teng et al 2007; etc.) is capable of 
describing the SMA confined concrete lateral and axial strain relation, since: (1) these models were 
not developed to describe the active confinement and passive confinement combined effect, and 
(2) most of these models were developed for concrete with confinement ratio much higher than 
that of SMA confined concrete. In this study, secant dilation ratio, /l c   , in which l  is the 
lateral strain while 
c  is the axial strain of concrete, is used to describe the relation between axial 
and lateral strain. As proven by the experimental results discussed in Chapter 6, one of the 
important features of SMA confined concrete lateral-axial strain behavior is that the initial dilation 
ratio is equal to Poisson’s ratio of unconfined concrete; as concrete dilates, the secant dilation ratio 
reaches the peak dilation ratio, and then decreases and stabilizes at an asymptotic value. Eq. 8.3(a) 
was suggested by Mirmiran and Shahawy (1997) to describe secant dilation ratio of confined 
concrete. Since Eq. 8.3(a) is able to capture the previously discussed SMA confined concrete 
dilation features, which can be described by Eqs. 8.3(b)-(d), it is adopted in this study to describe 
the secant dilation ratio of SMA confined concrete. 
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In Eq. 8.3, /c cox    is the normalized axial strain; c  is the axial strain; co  is the unconfined 
concrete axial strain corresponding to the peak stress; 
0  is the initial secant dilation ratio, which 
is equal to the Poisson’s ratio; 
max  and maxx  are the maximum secant dilation ratio and its 
corresponding normalized axial strain; asymptotic  is the asymptotic value of secant dilation ratio as 
axial strain tends to infinity; c  and d  are coefficients, which based on the conditions given in Eqs. 
8.3(b)-(d) are computed as 
max2 /c x  , and    2 max 0 max/ 4 asymptoticd c       . Using 
experimental data, Fig. 8.2 presents the regression analysis results of the asymptotic secant dilation 
ratio [Fig. 8.2(a)], peak secant dilation ratio [Fig. 8.2(a)] and its corresponding normalized axial 
strain [Fig. 8.2(b)] as functions of active confinement ratio 
'
, /l active cof f , which is the ratio between 
active confining pressure ,l activef  and strength of the unconfined concrete 
'
cof . The mathematical 
functions resulting from this regression analysis are presented in Eqs. 8.3(e)-(g) with their 
corresponding R-square values. It is worth noting that due to the damage of some of the strain 
gauges during testing, especially at large strain values, it was not feasible to report the asymptotic 
secant dilation ratio for all specimens. From Fig. 8.2 it is clear that all the undetermined parameters 
in Eq. 8.3(a) solely depend on the active confinement ratio; hence the secant dilation ratio can be 
determined by knowing the active confinement ratio and the axial strain. Fig. 8.3 compares the 
experimental results of secant dilation ratio with the proposed model described in Eq. 8.3(a) and 
it demonstrates that the proposed model is capable of simulating the lateral and axial strain relation 
of SMA confined concrete with an acceptable accuracy for various concrete strength and active 
confining pressure values. Fig. 8.4 also compares the axial strain and lateral strain relation of each 
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tested specimen in this study. In general, the proposed dilation ratio model has good agreement 
with the experimental results. Therefore, this proposed dilation ratio model was validated and it 
will be utilized later in this dissertation to derive the plasticity model. 
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(a)                                                                           (b) 
Figure 8.2: Effect of active confinement ratio on the asymptotic secant dilation ratio (a), peak 
secant dilation ratio (a) and its corresponding normalized axial strain (b). 
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Figure 8.3: Comparison between the experimental (solid) and analytically predicted (dashed) 
secant dilation ratio. 
 
   
(a)                                                                             (b) 
Figure 8.4: Comparison of axial-lateral strain relation experimental and numerical results using 
the proposed model for specimens: (a) SMA-B1S2C; (b) SMA-B1S3C; (c) SMA-B1S5C; (d) 
SMA-B2S2C; (e) SMA-B2S3C; (f) SMA-B2S5C; (g) SMA-B3S2C; (h) SMA-B3S3C; (i) SMA-
B3S5C; (j) SMA-B4S4C; (k) SMA-B5S4C; (l) SMA-B2S2M; (m) SMA-B2S3M. 
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(c)                                                                           (d) 
         
 (e)                                                                           (f) 
     
(g)                                                                           (h) 
Figure 8.4 (continued). 
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 (i)                                                                            (j)                                                 
       
(k)                                                                           (l)                              
 
(m) 
Figure 8.4 (continued). 
181 
 
8.2 DEVELOPMENT OF SMA CONFINED CONCRETE PLASTICITY MODEL 
In this study, the proposed model was derived within the framework of Drucker-Prager 
plasticity model and in order to consider both the plasticity and stiffness degradation effect on 
concrete nonlinearity, a damage parameter was also defined. Note that in this chapter, unless 
specified, compression is negative and tension is positive. 
 
8.2.1 Yield Criterion 
The Drucker-Prager yield function presented below was utilized in this study:  
                        2 1 0J I k                                                            
(8.4) 
where 
2J  and 1I  are the second deviatoric stress invariant and the first stress invariant, 
respectively; k  is the hardening/softening function;   is the frictional angle and its calculation 
method is described in Chen (1982), Oh (2002) and Yu et al. (2010). This frictional angle is a 
material property that can be derived from experimental results. For example, this parameter was 
computed by Richart et al. (1928) as 0.2934 for actively confined concrete and by Teng et al. 
(2007) as 0.2634 for FRP confined concrete. Based on the relationship between Mohr-Coulomb 
yield surface and Drucker-Prager yield surface, the frictional angle   in the Drucker-Prager model 
can be expressed as a function of internal friction angle   in the Mohr-Coulomb model as shown 
below: 
 
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3 3 sin





                                                            (8.5) 
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 , which represents the confinement effectiveness; 'ccf  is 
the peak stress of SMA confined concrete; ,l totalf  denotes the total lateral confining pressure (active 
182 
 
+ passive) when SMA confined concrete reaches its peak stress. Fig. 8.5 presents the total 
confinement ratio 
'
, /l total cof f  versus normalized peak stress 
' '/cc cof f  at the peak of the stress-strain 
curve, in which dots represent experimental data and the solid line represents the model derived 
using regression analysis. Based on regression analysis, with an   value equal to 5.63, one can 
find that   is equal to 0.3503 for SMA confined concrete. 
 
Figure 8.5: Total confinement ratio 
'
, /l total cof f   at peak versus normalized peak stress 
' '/cc cof f . 
 
8.2.2 Hardening/Softening Function 
 Hardening/softening function k  represents the first and subsequent yield surfaces and it is 
related to the plastic work. It has been proven by several researchers that hardening/softening 
function of confined concrete is dependent on concrete strength, lateral confinement and plastic 
deformation (Oh 2002; Yu et al. 2010). According to the Drucker-Prager plasticity model, the 
hardening/softening function can be calculated using equation 2 1k J I   and the triaxial stress 
status from the experimental results. Fig. 8.7 displays hardening/softening functions calculated 
from the experimental results. It increases linearly starting from an initial value 
0k , and after 
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reaching a peak value peakk , it decreases to a plateau resk . Tsai (1988) recommended a generalized 
form of equation [Eq. 8.6(a)] to describe the stress-strain relation of concrete, which can control 
both the initial slope and the descending branch of the stress-strain curve. Since the features of 
hardening/softening function are similar to the axial stress-strain relation of concrete, Eq. 8.6(a) 
was adopted in the proposed model to describe the hardening/softening function at the pre-plateau 
range, with slight modification to account for the initial value in the hardening/softening function. 
After reaching the residual value 
resk , the hardening/softening value is assumed to be constant. 
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In Eq. 8.6(a), / peakY k k ; ,ˆ ˆ/
p p
k peakX   ; peakk  is the maximum value in the hardening/softening 
function; 
,
ˆ p
k peak  is the equivalent plastic strain at the peak of hardening/softening function; ˆ
p  is 
the equivalent plastic strain, which represents the 3-D plasticity accumulation in concrete, and the 
incremental equivalent plastic strain is defined as ˆ p p p p
c l l          , in which 
p
c  is the 
incremental axial plastic strain and pl  is the incremental lateral plastic strain; parameter 
0/ /
k k
pm Y X E E    , which controls the ascending slope; 0
kE  is the initial slope of the 
hardening/softening function, and k,ˆ/
k p
p peak peakE k  ; n  is a parameter that controls the descending 
slope. Parameters 0
kE , 
0k , peakk , ,ˆ
p
k peak , resk , and n  were derived using regression analysis based 
on the experimental data discussed in Chapter 6 and their values for each tested specimen were 
summarized in Table 8.1. These parameters determined the shape of hardening/softening function 
(Eq. 8.6a) and they can be calculated using Eqs. 8.6(b)-(g). It should be noted that although 
hardening/softening function is written as a function of equivalent plastic strain only, the effect of 
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concrete strength and SMA confinement on the hardening/softening function is represented in the 
parameters mentioned above. Fig. 8.6 compares the experimental results shown in Table 8.1 and 
the model prediction using Eqs. 8.6(b)-(g). Initial hardening/softening function stiffness 0
kE  is a 
function of active confinement ratio 
'
, /l active cof f , and the curve fitting of experimental results has 
an R-square of 0.834. Normalized initial hardening function value '0 / ( )cok f  is a function of 
active confinement ratio 
'
, /l active cof f , and the curve fitting of the experimental results has an R-
square of 0.824. The maximum hardening function value peakk  is a function of concrete strength 
'
cof  and the curve fitting of the experimental results has an R-square of 0.876. Oh (2002) 
mentioned that the peak hardening function value should be independent of confining pressure and 
should be a function of concrete strength, which is consistent with the result got from the present 
study. Normalized maximum equivalent plastic strain  ˆ /ppeak co   is a function of active 
confinement ratio '
, /l active cof f , and the curve fitting of the experimental results has an R-square of 
0.795. 
resk  is a function of active confining pressure ,l activef , and the curve fitting of the 
experimental results has an R-square of 0.913. This is consistent with previous observation that 
the residual stress of SMA confined concrete is a function of active confinement level and 
independent of concrete strength. There were two data points (SMA-B1S5C and SMA-B3S5C) of 
parameter n  were identified as outliers and were not considered in the regression analysis. It 
should be noted that although hardening/softening function is written as a function of equivalent 
plastic strain only, the effect of concrete strength and SMA confinement on the 
hardening/softening function is represented in the parameters mentioned above. Fig. 8.7 compares 
the hardening/softening function experimental results of all specimens described in Chapter 6 with 
the proposed model described in Eq. 8.6. Note that for the cyclically loaded specimens, the 
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hardening/softening functions were generated using the backbone curve of the stress-strain relation. 
Fig. 8.7 demonstrates that the proposed hardening/softening function is able to capture the 
experimental results with good agreement. It is able to capture the ascending branch, maximum 
value, descending branch slope and the residual value very well in most of the cases.  
 
Table 8.1: Parameters of hardening/softening function 
Specimen 
'
cof  
(MPa) 
Pitch 
(mm) 
0
kE  
(MPa) 
0k  
(MPa) 
peakk  
(MPa) 
,
ˆ p
k peak  
resk  
(MPa) 
n  
SMA-B1S2C 30.5 15.9 35260 3.02 8.46 0.00221 1.84 1.9 
SMA-B1S3C 30.5 10.2 24356 1.66 6.38 0.00260 2.86 2 
SMA-B1S5C 30.5 5.1 15216 0.72 7.45 0.00343 4.15 1.4 
SMA-B2S2C 39.6 19.1 35218 3.11 8.65 0.00277 1.97 2.2 
SMA-B2S3C 39.6 12.7 27745 2.58 8.45 0.00283 2.03 2.2 
SMA-B2S5C 39.6 6.4 17855 1.12 7.87 0.00328 3.87 2.2 
SMA-B3S2C 49.9 19.1 42892 4.36 11.40 0.00243 2.16 2.3 
SMA-B3S3C 49.9 12.7 32990 4.11 11.79 0.00295 2.36 2.3 
SMA-B3S5C 49.9 6.4 22910 3.23 12.50 0.00372 3.52 2.8 
SMA-B4S4C 36.1 7.6 22118 1.55 7.52 0.00320 3.30 2.1 
SMA-B5S4C 55.4 7.6 37191 4.66 14.29 0.00335 3.26 2.3 
SMA-B2S2M 39.6 19.1 40529 3.29 8.98 0.00310 1.78 2.2 
SMA-B2S3M 39.6 12.7 37719 2.74 8.76 0.00296 2.66 2.2 
 
   ' 20 ,270433 / 45972   0.834k l active coE f f MPa R                                (8.6b) 
       ' ' 20 ,0.6958 / 0.1071    0.824l active co cok f f f MPa R                           (8.6c) 
    ' 20.266 1.421  0.876peak cok f MPa R                                    (8.6d) 
     ' 2,ˆ 7.461 / 1.036  0.795ppeak l active co cof f R                                   (8.6e) 
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      2,0.7255 1.077  0.913res l activek f MPa R                                    (8.6f) 
    ' 20.0144 1.582  0.795con f MPa R                                      (8.6g)   
 
     
(a)                                                                        (b) 
     
(c)                                                                        (d) 
Figure 8.6: Hardening/Softening function model parameters: (a) 0
kE ; (b)
0k ; (c) peakk ; (d) ˆ
p
peak ; 
(e)
resk ; (f) n . 
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(e)                                                                         (f) 
Figure 8.6 (continued). 
 
     
(a)                                                                              (b) 
Figure 8.7: Comparison of hardening/softening function experimental and numerical results 
using the proposed model for specimens: (a) SMA-B1S2C; (b) SMA-B1S3C; (c) SMA-B1S5C; 
(d) SMA-B2S2C; (e) SMA-B2S3C; (f) SMA-B2S5C; (g) SMA-B3S2C; (h) SMA-B3S3C; (i) 
SMA-B3S5C; (j) SMA-B4S4C; (k) SMA-B5S4C; (l) SMA-B2S2M; (m) SMA-B2S3M. 
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(c)                                                                            (d) 
    
 (e)                                                                              (f) 
    
(g)                                                                              (h) 
Figure 8.7 (continued). 
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(i)                                                                               (j) 
    
(k)                                                                               (l) 
 
(m) 
Figure 8.7 (continued). 
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8.2.3 Flow Rule 
A non-associated flow rule was utilized in the proposed model, which was dependent on 
concrete strength, plastic deformation and lateral confining pressure (Oh 2002; Yu et al. 2010). 
The incremental equivalent plastic strain can be described by Eq. 8.7(a) and a Drucker-Prager type 
potential function G  was adopted [Eq. 8.7(b)]. 
                     ˆ  1,2,3p
i i
G G
i 
 
 
   
 
                                            (8.7a) 
2 1G J I                                                           (8.7b) 
where   is potential function parameter to be determined based on the deformation characteristics; 
  denotes the magnitude of plastic deformation in the direction of / iG   , in which i  is the 
principal stress of concrete in the direction i . For SMA confined concrete, which is subjected to 
triaxial compression, Eq. 8.7(a) can be written as Eq. 8.8(a) and Eq. 8.8(b). 
23
p c l
c
c
G
J
 
   

 
      
   
                                             (8.8a) 
26
p l c
l
l
G
J
 
   

 
      
   
                                             (8.8b) 
 To describe the potential flow for confined concrete, dilation rate   was used, which 
represents the relation between incremental volumetric strain and the incremental deviatoric strain. 
  equal to zero indicates that there is no volumetric change.   less than zero, indicates 
volumetric contraction occurs; and an   greater than zero represents volumetric dilation. Dilation 
rate   was calculated based on axial stress-strain relation, axial strain-lateral strain relation (Eq. 
8.3), using Eq. 8.9 (Oh 2002; Yu et al. 2010) and Eq. 8.10.  
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1
2
2 1 2 /
3 3 6
/ 1
p p p pp
c l l c
p pp pp
l cc l
I
J
   
 
  
     
   
   
                         (8.9) 
                      
1
2pc c c l
E
                                                         (8.10a) 
                   
1
1pl l l c
E
                                                        (8.10b)                   
In the above equations, 1
pI  is the incremental volumetric plastic strain, and 1 2
p p p
c lI       ; 
2
pJ  is the incremental second deviatoric plastic strain, and  
2
2
1
3
p p p
c lJ      ; 
p
c  is 
the incremental axial plastic strain; pl  is the incremental lateral plastic strain; 
p
c  is the axial 
plastic strain; pl  is the lateral plastic strain; c  is the total axial strain; c  is the total lateral strain; 
c  is the axial stress; l  is the lateral stress; E  is the elastic modulus and   is Poisson’s ratio. 
Similar to the hardening/softening function, the dilation rate function increases linearly starting 
from an initial value 
0 , and after reaching a peak value peak , it decreases to a plateau res . To 
represent this behavior, Eq. 8.11(a) [similar to Eq. 8.6(a)] was found to be suitable and was chosen 
to describe the dilation rate function at the pre-plateau stage. After reaching the residual value res , 
the dilation rate value was assumed to be constant.  
  
1
1 1
q
pV
U
q V
p V
q q

 
   
  
                                                (8.11a) 
In Eq. 8.11(a),    0 0/ peakU       ; ,ˆ ˆ/p p peakV   ; ,ˆ p peak  is the equivalent plastic strain 
at the peak of dilation rate function; 
0/ / pp U V E E
     , which controls the ascending slope, 
and 0E
  is the initial slope of the dilation rate function,  0 ,ˆ/ pp peak peakE     ; q  is a parameter 
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that controls the descending slope. The initial dilation rate 
0  can be determined using Eq. 8.11(a) 
by substituting Poisson’s ratio (dilation ratio in the elastic range) /p pl c     , assuming 
0.18  , one can obtain 
0 0.9394   . Parameters 0E
 , peak , ,ˆ
p
peak , res , and q  were derived 
using regression analysis based on experimental data and they can be calculated using Eqs. 
8.11(b)-(f). All these five parameters can be expressed as functions of active confinement ratio
'
, /l active cof f . Fig. 8.8 compares the experimental results of 0E
 , peak , ,ˆ
p
peak , res , and q  with the 
proposed model described in Eqs. 8.11(b)-(f). Note that for 0E
 , data points from SMA-B1S2C 
and SMA-B1S5C were identified as outliers and were not considered in the regression analysis. 
Similarly, for 
,
ˆ p
peak , data point from SMA-B1S5C was identified as outlier. Fig. 8.9 compares 
the dilation rate function experimental results of all tested specimens presented in Chapter 6 with 
the proposed model described in Eq. 8.11 and it demonstrates proposed dilation function is able to 
capture the experimental dilation rate functions for most of the specimens. 
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Table 8.2: Parameters of dilation rate function 
Specimen 
'
cof  
(MPa) 
Pitch 
(mm) 
0E
  peak  ,ˆ
p
peak  res  q   
SMA-B1S2C 30.5 15.9 1714 2.093 0.00988 0.556 4 
SMA-B1S3C 30.5 10.2 1049 1.578 0.00757 0.100 4 
SMA-B1S5C 30.5 5.1 - 1.040 0.00967 -0.874 4 
SMA-B2S2C 39.6 19.1 1060 2.429 0.01484 0.669 4.7 
SMA-B2S3C 39.6 12.7 626 1.891 0.01156 0.370 4 
SMA-B2S5C 39.6 6.4 265 1.060 0.00953 -0.446 4 
SMA-B3S2C 49.9 19.1 1153 2.583 0.01945 0.804 6 
SMA-B3S3C 49.9 12.7 1055 2.057 0.01474 0.582 4.5 
SMA-B3S5C 49.9 6.4 429 1.182 0.01204 -0.204 4 
SMA-B4S4C 36.1 7.6 420 1.266 0.00906 -0.154 4 
SMA-B5S4C 55.4 7.6 817 1.786 0.01206 0.312 4 
SMA-B2S2M 39.6 19.1 1027 2.381 0.01516 0.657 4.7 
SMA-B2S3M 39.6 12.7 758 1.847 0.01123 0.389 4 
 
   
   
 
' '
, ,
2
0
'
,
11722 / 1417.3   / 0.1
  0.770
245.1   / 0.1                                  
l active co l active co
l active co
f f MPa f f
E R
MPa f f

  
 

      (8.11b) 
 2'
,
0.1357
  0.980
( / 0.0261)
peak
l active co
R
f f
  

                                 (8.11c) 
   
 
 
'
, 2
, '
,
3.708 / 0.0212
ˆ  0.948
/ 0.0118
co l active cop
peak
l active co
f f
R
f f



 
 

                     (8.11d) 
 ' 2,16.468 / 1.176  0.993res l active cof f R                                      (8.11e)  
 
 
 
' '
, ,
2
'
,
111.6 / 8.464  / 0.04
  0.961
4  / 0.04                                       
l active co l active co
l active co
f f f f
q R
f f
  
 

                    (8.11f)  
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(a)                                                                    (b) 
  
(c)                                                                    (d) 
 
(e) 
Figure 8.8: Dilation rate function model parameters: (a)
0E
 ; (b) 
peak ; (c) ,ˆ
p
peak ; (d) res ; (e) q . 
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(a)                                                                          (b) 
 
(c)                                                                          (d) 
Figure 8.9: Comparison of dilation rate function experimental and numerical results using the 
proposed model for specimens: (a) SMA-B1S2C; (b) SMA-B1S3C; (c) SMA-B1S5C; (d) SMA-
B2S2C; (e) SMA-B2S3C; (f) SMA-B2S5C; (g) SMA-B3S2C; (h) SMA-B3S3C; (i) SMA-
B3S5C; (j) SMA-B4S4C; (k) SMA-B5S4C; (l) SMA-B2S2M; (m) SMA-B2S3M. 
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(e)                                                                          (f) 
 
(g)                                                                          (h) 
 
(i)                                                                             (j) 
Figure 8.9 (continued).  
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(k)                                                                         (l) 
 
 
(m) 
Figure 8.9 (continued). 
 
8.2.4 Damage Parameter 
 As explained earlier, modeling both concrete damage and plasticity is essential to capture 
the nonlinear stress-strain behavior of SMA confined concrete. With proper yield criterion, 
hardening/softening function and flow rule, the model can simulate the monotonic stress-strain 
behavior or the envelope of the cyclic stress-strain curve with good agreement. In order to capture 
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the unloading and reloading stiffness of SMA confined concrete, it is important to define a damage 
parameter, which is derived based on the stiffness degradation during cyclic loading. In the 
proposed model, based on experimental observations, the following assumptions were made: (1) 
unloading and reloading stiffness is identical; (2) stress and strain are linearly related between 
unloading and reloading points. Damage parameter can be calculated as 01 /rd E E  , where rE  
is the reloading modulus of SMA confined concrete at a certain axial strain and 
0E  is the elastic 
modulus of the concrete. Based on the experimental results discussed in Chapter 6, it was shown 
that the stiffness of SMA confined concrete decreases logarithmically as axial strain increases and 
the degradation rate only depends on the active confinement level, regardless of concrete strength. 
Therefore, the logarithmic function presented as Eq. 8.12(a) below was utilized to model the 
damage parameter and the two undetermined parameters can be obtained based on experimental 
results presented in Chapter 6. Substituting 0d   into Eq. 8.12(a), one can find the axial strain at 
the onset of stiffness degradation   exp 1 /ic b a     . Parameters a  and b  were obtained 
based on curve fitting from each active confinement level (see Fig. 8.10). Therefore, parameters 
a  and b  can be calculated using Eq. 8.12(b) and Eq. 8.12(c) separately based on regression 
analysis as shown in Fig. 8.11. Fig. 8.12 compares experimental results of damage parameter and 
the proposed model, and verifies that the proposed model can closely predict the stiffness 
degradation under cyclic loading. In Fig. 8.12, S2, S3, S4 and S5 denote specimens with active 
confining pressures of 1.23 MPa (0.178 ksi), 1.92 MPa (0.278 ksi), 2.85 MPa (0.413 ksi) and 3.92 
MPa (0.569 ksi), respectively (see Chapter 6). 
   
0
1 ln 1r c
E
d a b
E
                                                    (8.12a) 
   2,0.0085 0.1717  1.0l activea f MPa R                                     (8.12b) 
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       2,ln 0.1764 0.0082   1.0l activeb a f MPa R                                (8.12c) 
 
      
(a)                                                                             (b)
    
(c)                                                                              (d) 
Figure 8.10: Curve fitting of stiffness degradation for each active confinement level. 
 
200 
 
   
(a)                                                                            (b) 
Figure 8.11: Regression analysis of the damage parameter equation. 
 
 
     (a)                                                                          (b) 
Figure 8.12: Comparison of the damage parameter model prediction and the experimental 
results under various confining pressures of: (a) 1.23 MPa (0.178 ksi); (b) 1.92 MPa (0.278 ksi); 
(c) 2.85 MPa (0.413 ksi); (d) 3.92 MPa (0.569 ksi). 
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      (c)                                                                         (d)    
Figure 8.12 (continued). 
  
8.3 MODEL VERIFICATION USING EXPERIMENTAL RESULTS 
 In order to evaluate the response of the proposed constitutive model and examine if it is 
capable of simulating the SMA confined concrete experimental results, the numerical results were 
compared with the experimental results presented in Chapter 6. 
 
8.3.1 Consistency Condition 
The condition that the three-dimensional stresses maintains on the yield surface is called 
consistency condition, i.e. 0F dF  , in which 2 1F J I k    represents the yield function 
and F  is the incremental yield function, whose value equal to zero represents the case where stress state 
remains on the yield surface. Consistency condition (Eq. 8.13) of plasticity model maintains as long 
as the loading continues, the stress state remains on the yield surface, even if the yield surface 
moves or changes size due to hardening or softening.  
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ˆ
ˆi
i
F F
F  
 
 
    
 
                                                    
(8.13)
 
In Eq. 8.13, 
i
F



 is the derivative of the yield surface with respect to the principal stress in the 
direction i , which represents the changes of yield surface in the direction of principal stress i ; 
i  is the incremental stress in the principal direction i ; ˆ
F



 is the derivative of the yield surface 
with respect to the equivalent plastic strain, which represents the changes of yield surface in the 
direction of equivalent plastic strain; ˆ  denotes the incremental equivalent plastic strain, which 
can be expressed as  ˆ   1,2,3p pi i i        and 
p
i  is the incremental plastic strain in the 
principal direction i . Substitute Eq. 8.8 into the incremental equivalent plastic strain equation, the 
incremental equivalent plastic strain can be rewritten as Eq. 8.14. 
ˆ p p
i i
i i i i
G G G G
d     
   
   
       
   
                                (8.14) 
As it is known, the incremental principal stress can be written as follows: 
 e pi ij j ij j j ij j
j
G
E E E     

 
           
                              (8.15) 
where 
j  is the incremental total strain in the principal direction j ; 
e
j  is the incremental elastic strain 
in the principal direction j  ;   , 1,2,3ijE i j   is the elastic stiffness matrix. Substitute Eq. 8.14 and Eq. 
8.15 into the consistency equation Eq. 8.13, the expression for the magnitude of plastic 
deformation   can be expressed as follows: 
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 , , , , 1, 2,3
ˆ
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

    



  
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
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                   (8.16) 
Substitute back into the Eq. 8.15, one can come up with the following expression for the 
incremental elastoplastic constitutive relation: 
ˆ
iq pj
q p ep
i ij j j
mn
m n k k
G F
E E
E D
F G F G G
E
 
  
    
  
 
       
     
       
                    (8.17) 
 
8.3.2 Numerical Implementation of Plasticity Model 
 The algorithm of this SMA confined concrete plasticity model is based on the algorithm 
described in Oh (2002). This algorithm consists of an exterior algorithm, which determines the 
strain increment for the interior algorithm based on the applied load. The overall algorithm of this 
plasticity model is a modified Newton-Raphson algorithm. An external advancing step uses the 
applied load increment to calculate the internal stress and strain increment; an external corrector 
step uses the unbalanced stresses between the external step and the internal step to calculate 
updated stress and strain increment until the external and internal steps arrive at equilibrium within 
tolerance. For SMA confined concrete, the applied load increment in the exterior algorithm is the 
incremental axial strain EXc  and the incremental lateral confining pressure 
EX
l calculated 
based on the incremental lateral strain from the previously converged step. Note that in order to 
represent the active confining pressure applied prior to loading, an initial lateral confining pressure 
should be defined prior to any load is applied. The magnitude of  EXc  needs to be carefully 
selected, since it might affect the convergence of the program. The lateral strain increment for the 
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exterior algorithm is calculated from EXc  and 
EX
l  using the elastoplastic stiffness 
epD  as 
shown in Eq. 8.18. The axial and lateral strain increments for the interior algorithm is equal to 
those from the exterior algorithm    1,2,3EX INi i i     . 
1
22 23 21
32 33 31
EX ep ep EX ep U
EXl l l
cEX ep ep EX ep U
l l l
D D D
D D D
  

  

           
                         
                      (8.18) 
where Ul  is the unbalanced lateral stress from the previous step between exterior and interior 
algorithms. Similarly, the exterior axial incremental stress can be also calculated from the 
elastoplastic relation as shown in Eq. 8.19. 
 1   1,2,3
EX ep EX U
c j j cD i                                               (8.19) 
where Uc  is the unbalanced axial stress from the previous step between exterior and interior 
algorithms. The interior strain increment is set to be equal to the exterior strain increment. Then, 
through an iterative process to ensure the three-dimensional stresses are on the yield surface, 
incremental interior stresses are obtained through the interior algorithm, which will be explained 
later. Hence, by comparing the stresses obtained from the exterior algorithm and the interior 
algorithm, one can calculate the unbalanced stresses. Then, corrector steps are carried out to correct 
the differences between the exterior and interior algorithms until the unbalanced stresses are below 
the tolerance. In the corrector step, the incremental applied load EXc  and 
EX
l  are set to be 
equal to zero, since the corrector steps aim to correct the errors, rather than applying additional 
load. In the interior algorithm, first, use an elastically updated stress predictor step to obtain the 
elastic state and then check the satisfaction of the elastic behavior, i.e. the stress state does not go 
outside the yield surface. If not, a plastic corrector step is applied to make the stress state back to 
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the yield surface. Assume the previous converged step is ‘n’ step and the current step is ‘n+1’, 
then the current stresses can be obtained from Eq. 8.20.  
   p e pn+1 n n+1 n+1 n n+1 n+1σ = σ +E Δε -Δε σ +Δσ Δσ                                (8.20) 
where 
n+1
σ  is the current step stress vector; 
n
σ  is the previous step converged stress vector; E  is 
the elastic modulus tensor; 
n+1
Δε  is the incremental total strain vector; and 
p
n+1
Δε  incremental 
plastic strain vector. en+1 n+1Δσ = EΔε  in Eq. 8.20 is the elastic prediction and 
p p
n+1 n+1
Δσ = -EΔε  is 
the plastic correction to correct the stresses back to the yield surface after the elastic prediction. 
Note that this correction step might take several sub-steps to bring the stress status back to the 
yield surface. Therefore, a numerical method described by Ortiz and Popov (1985) using the 
trapezoidal rule was used to calculate the flow rule direction. In the trapezoidal rule, return 
mapping is divided into two steps. One is that the stresses are projected along the initial plastic 
flow direction, which is the correct state of stresses before the load increment is applied in the 
current step; the next one is the stresses projected onto the yield surface along the last plastic flow 
direction, which is the updated correct stress state after the plastic correction. This generalized 
trapezoidal rule can be described by Eq. 8.21.  
 , 1 1-Y i  
  
  
   
p
Y, i+1  
X Y, i
G G
Δε = +
σ σ
                                         (8.21) 
where 
p
Y, i+1
Δε  is the incremental plastic strain in the ‘i+1’ corrector step; , i+1Y  is the magnitude 
of plastic deformation at the ‘i+1’ corrector step; 
X
σ  is the last correct stress state in the interior 
algorithm; and Y, iσ  is the stress state in the ‘i’ corrector step; and   is a parameter suggested by 
Ortiz and Popov (1985) to use 0.5. Therefore, using Eq. 8.21, one can get the incremental corrected 
stress state at the ‘i+1’ corrector step using Eq. 8.22. 
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 , 1 1-Y i  
  
   
   
Y, i+1  
X Y, i
G G
Δσ = E +
σ σ
                                    (8.22) 
With Eq. 8.21, the equivalent plastic strain increment in the ‘i+1’ corrector step can be calculated 
as follows. 
   
   , 1
ˆ
1- 1-
T
T
Y i    

      
    
         
p p
Y, i+1 Y, i+1 Y, i+1
 
X Y, i X Y, i
Δε Δε Δε
G G G G
= + +
σ σ σ σ
                          (8.23) 
Substituting Eq. 8.22 and Eq. 8.23 into the consistency equation, one can obtain Eq. 8.24 to 
calculate the plastic deformation magnitude of the ‘i+1’ corrector step ( , 1Y i   ). 
 
     
, 1
ˆ,
1- 1- 1-
ˆ
Y i
T
F
F F


     
 
            
     
           
Y, i Y, i
 
Y, i X Y, i Y, i X Y, i X Y, i
Δ Δε
G G G G G G
E + + +
σ σ σ Δε σ σ σ σ
  
(8.24) 
Substituting Eq. 8.24 back to Eq. 8.21 and Eq. 8.22, both the incremental stress correction and the 
incremental equivalent plastic strain in the ‘i+1’ corrector step can be calculated. Fig. 8.13 shows 
the flow chart for the overall algorithm described above. 
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Figure 8.13: Numerical implementation algorithm for plasticity model. 
 
8.3.3 Comparison of Proposed Model and Experimental Results 
 Figure 8.14 compares the experimental and numerical results produced using the proposed 
model for both the axial stress-axial strain and axial stress-lateral strain behaviors for all the SMA 
confined specimens presented in Chapter 6. One can notice that the proposed plasticity model was 
able to predict the stress-strain relation of SMA confined concrete with acceptable accuracy. Table 
8.3 shows the ratios between numerically predicted results and experimental results for peak axial 
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stress, and its corresponding axial strain, ultimate stress and ultimate strain, as well as the axial 
stress at 2.5% axial strain (residual stress). The table shows that the error of stress prediction is far 
less than that of strain. The average prediction to experiment ratios of peak stress, ultimate stress 
and axial stress at 2.5% are 0.998, 1.028, and 0.985, respectively, with standard deviation not 
greater than 6.5%. The ultimate strain prediction also has very good agreement with the 
experimental results. The 12.6% average error of the ultimate strain came from two specimens, 
SMA-B1S5C and SMA-B3S3C, which have been identified as outliers as explained in Chapter 6. 
The average error reduces to 0.7%, when excluding these two outliers. Although the average 
prediction to experiment ratio of peak strain is high, the error in the prediction is relatively minor 
when the absolute value is considered. Fig. 8.15 also compares the axial unloading strain vs. axial 
plastic strain from both the experiment and the model simulation and it can verify that the proposed 
model is able to capture the cyclic behavior and the plastic deformation reasonably well. Therefore, 
the proposed model has proven to be in a good agreement with the experimental results and is 
deemed able to capture the NiTiNb SMA confined stress-strain behavior for both axial and lateral 
directions under both cyclic and monotonic loading.  
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(a)                                                                   (b) 
         
(c)                                                                    (d) 
Figure 8.14: Comparison of axial stress-axial strain and axial stress-lateral strain experimental 
and numerical results using the proposed model for specimens: (a) SMA-B1S2C; (b) SMA-
B1S3C; (c) SMA-B1S5C; (d) SMA-B2S2C; (e) SMA-B2S3C; (f) SMA-B2S5C; (g) SMA-
B3S2C; (h) SMA-B3S3C; (i) SMA-B3S5C; (j) SMA-B4S4C; (k) SMA-B5S4C; (l) SMA-
B2S2M; (m) SMA-B2S3M. 
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(e)                                                                    (f) 
         
(g)                                                                    (h) 
          
(i)                                                                    (j) 
Figure 8.14 (continued). 
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(k)                                                                    (l) 
 
 (m) 
Figure 8.14 (continued). 
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(a)                                                                        (b) 
   
(c)                                                                         (d) 
Figure 8.15: Comparison of plastic strain accumulation experimental and numerical results 
using the proposed model for specimens: (a) SMA-B1S2C; (b) SMA-B1S3C; (c) SMA-B1S5C; 
(d) SMA-B2S2C; (e) SMA-B2S3C; (f) SMA-B2S5C; (g) SMA-B3S2C; (h) SMA-B3S3C; (i) 
SMA-B3S5C; (j) SMA-B4S4C; (k) SMA-B5S4C. 
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(e)                                                                         (f) 
  
(g)                                                                         (h) 
Figure 8.15 (continued). 
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(i)                                                                         (j)  
        
(k) 
Figure 8.15 (continued). 
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Table 8.3: Ratios between plasticity model predictions and experimental results 
Specimen 
Strength 
(MPa) 
Pitch 
(mm) 
Peak 
Stress 
Peak 
Strain 
Ultimate 
Stress 
Ultimate 
Strain 
Axial Stress 
@ 2.5% 
SMA-B1S2C 
30.6 
15.9 0.823 1.278 1.118 1.048 0.929 
SMA-B1S3C 10.2 1.024 1.157 0.873 0.852 0.957 
SMA-B1S5C 5.1 0.949 1.014 1.038 2.84 1.015 
SMA-B2S2C 
39.6 
19.1 1.042 1.255 1.021 1.19 0.985 
SMA-B2S3C 12.7 1.057 1.205 1.112 0.91 0.921 
SMA-B2S5C 6.4 1.086 1.036 0.980 0.895 1.051 
SMA-B3S2C 
50.0 
19.1 1.035 1.308 1.042 1.009 0.999 
SMA-B3S3C 12.7 1.001 1.182 0.971 0.655 0.958 
SMA-B3S5C 6.4 0.956 1.073 1.080 1.322 1.136 
SMA-B4S4C 36.1 7.6 1.022 0.984 1.085 1.016 0.984 
SMA-B5S4C 55.3 7.6 0.941 1.174 0.981 0.937 1.044 
SMA-B2S2M 
39.6 
19.1 1.010 1.239 1.052 1.039 0.890 
SMA-B2S3M 12.7 1.025 1.216 1.009 0.931 0.935 
Average 0.998  1.163 1.028  1.126  0.985 
Standard Deviation 0.065  0.101  0.065  0.518  0.063 
 
8.4 EMPIRICAL ONE-DIMENSIONAL STRESS-STRAIN MODEL 
 The developed 3-D constitutive model can describe the SMA confined concrete behavior 
both axially and laterally, and is able to capture the variation in confining pressure during loading. 
Therefore, this model is suitable for implementation into 3-D finite element platform as a user 
defined subroutine to simulate and analyze the behavior of SMA confined concrete. However, 
utilizing this 3-D model requires an algorithm to iterate the stress state in each step to ensure it is 
maintained on the yield surface. Therefore, for a less advanced analysis (e.g. 1-D analysis) there 
is a need for an empirical equation that is able to capture the behavior of SMA confined concrete 
explicitly and directly. Although this empirical equation will not be able to describe the variation 
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of the lateral confining pressure in each loading step, it should be able to predict the axial stress-
strain behavior in a more direct manner. Therefore, in this section, an empirical equation was 
developed based on the experimental results through curve fitting. Mander and Chang (1994) 
examined a list of commonly used stress-strain relations in the literature and suggested that the 
empirical equation proposed by Tsai (1988) is able to control both the ascending and descending 
branch of confined concrete. Therefore, Tsai’s (1988) equation (Eq. 8.25), which was also utilized 
for the hardening/softening and dilation rate functions in this study [See Eqs. 8.6(a) and 8.11(a)] 
was used for the first stage of the empirical axial stress-strain relation. 
1
1 1
S
R
S
S




 

 
   
  
                                                  (8.25) 
In Eq. 8.25, '/c ccR f f ; 
'/c ccS   ; cf  is the axial stress; 
'
ccf  is the peak axial stress; c  is the 
axial strain; 'cc  is the axial strain corresponding to peak axial stress; 0 sec/ /R S E E     , which 
is a parameter that controls the ascending slope; 
0E  is the elastic modulus, which can be calculated 
using  '5000 cof MPa  as suggested by Mander et al. (1988b); 
' '
sec /cc ccE f  ;   is a parameter 
that controls the descending slope and it was obtained using experimental data through regression 
analysis. It can be defined as a function of concrete strength as shown in Eq. 8.25. Fig. 8.16 plots 
the   values obtained for each experimental stress-strain curve and compares it with the model 
prediction (Eq. 8.25), which demonstrates that the descending slope is controlled by the concrete 
strength and the model has good agreement with the experimental results. 
    ' 20.0494 0.2396  0.74cof MPa R                                    (8.25) 
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Figure 8.16: Regression analysis of empirical model parameter  . 
 
 The second stage of the empirical equation, based on experimental test observations, was 
defined such that once the axial stress reaches residual stress resf , the axial strain and the axial 
stress is linearly related until failure. Empirical equations to predict peak stress 'ccf , and its 
corresponding axial strain 'cc , residual stress resf , ultimate strain ult  and ultimate stress ultf  were 
all defined in Chapter 6. The damage parameter derived earlier is still applicable for this empirical 
equation to model the stiffness degradation. Fig. 8.17 compares envelope of the axial stress-strain 
relation from the experimental results, the proposed plasticity model, and this empirical model for 
all the tested SMA confined concrete specimens presented in Chapter 6. The figure shows that the 
proposed empirical model and the proposed plasticity model have similar accuracy in predicating 
the experimental results and they both have very good agreement with the experimental results. 
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(a)                                                                         (b) 
 
(c)                                                                     (d) 
 
Figure 8.17: Comparison of axial stress-strain relation from experimental results, proposed 
plasticity model and proposed empirical model for specimens: (a) SMA-B1S2C; (b) SMA-
B1S3C; (c) SMA-B1S5C; (d) SMA-B2S2C; (e) SMA-B2S3C; (f) SMA-B2S5C; (g) SMA-
B3S2C; (h) SMA-B3S3C; (i) SMA-B3S5C; (j) SMA-B4S4C; (k) SMA-B5S4C; (l) SMA-
B2S2M; (m) SMA-B2S3M. 
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(e)                                                                          (f) 
  
(g)                                                                        (h)  
  
(i)                                                                         (j) 
Figure 8.17 (continued). 
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(k)                                                                          (l) 
 
(m) 
Figure 8.17 (continued). 
 
8.5 MODEL VALIDATION 
 This section presents validation of the developed constitutive model on both material and 
component levels using experimental data published in the literature. 
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8.5.1 Material Level 
 Shin and Andrawes (2010) tested several 152 mm × 305 mm (6 in × 12 in) SMA confined 
concrete cylinders under uniaxial compression. One of their tested specimens is used herein for 
model validation. The concrete strength reported for that specimen was 39.3 MPa (5.7 ksi) and the 
SMA spiral pitch used was 13 mm (0.5 in). SMA wires used in the test had a diameter of 2 mm 
(0.0787 in). Shin and Andrawes (2010) reported that the SMA wires used in the test were partially 
heated, i.e. only portion of the wire length was heated. For these partially heated wires they 
measured a recovery stress of 447 MPa (64.8 ksi). This value was modified to be 525 MPa (76.2 
ksi) in order to account for the full wire length of the SMA wires as per the modification method 
described in Chapter 3. Accordingly, and based on this modified value, the active confining 
pressure used in the model was 1.82 MPa (0.263 ksi). Fig. 8.18 compares the axial stress-strain 
relation from Shin and Andrawes (2010)’ test and the model prediction. For the ascending branch, 
the model prediction has the same elastic modulus as the experimental result. The peak axial stress 
from the test and from the model prediction was 47.2 MPa (6.8 ksi) and 50.9 MPa (7.4 ksi), 
respectively resulting in 7.8% difference. This difference can partially be attributed to the method 
of heating adopted by Shin and Andrawes (2010), which involved placing the cylinder inside an 
oven prior to loading at a temperature of 160℃ for 15 min (Shin and Andrawes 2010). For the 
descending branch, Fig. 8.18 shows that, the experimental and analytical slopes of descending 
branch agree well, especially after axial strain level of 0.9%. As concluded earlier, the residual 
stress and the ultimate stress are independent of concrete strength and are only related to the level 
of active confinement. Hence, despite the difference in the experimentally and analytically 
predicted strength, Fig. 8.18 shows very good agreement on both residual stress and ultimate stress. 
Comparing the ultimate strain it is clear that the model overestimated the ultimate strain of the 
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specimen. This can also be attributed to the heating process which could have possibly affected 
the concrete behavior. 
 
Figure 8.18: Experimental result (Shin and Andrawes 2010) vs. model prediction. 
 
8.5.2 Component Level 
 To further validate the proposed empirical model on the component level, it was 
implemented in the Open System for Earthquake Engineering Simulation (OpenSees), an open 
source finite element program specifically designed to perform seismic simulations on structures. 
The model was implemented in OpenSees’ material library as a new material type under the name 
‘ConcreteSMA’ and was utilized to simulate the behavior of a reduced-scale SMA confined 
concrete column that was tested by Shin and Andrawes (2011) under lateral cyclic loading. The 
column diameter was 250 mm (10 in), with an effective height of 1270 mm (50 in). The volumetric 
ratios of the longitudinal reinforcement and internal transverse reinforcement were 2% and 0.44%, 
respectively. The compressive strength of the concrete used was 44.8 MPa (6.5 ksi), and the yield 
strengths of the longitudinal and internal transverse reinforcement were 414 MPa (60 ksi) and 248 
MPa (36 ksi), respectively. The plastic hinge zone [508 mm (20 in) above the footing] was 
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retrofitted using 2 mm (0.079 in) SMA spirals with a pitch spacing of 10 mm (0.39 in). A one-
dimensional finite element model was built, and both the column and footing were modeled using 
beam-column elements as shown in Fig. 8.19(a). Column and footing sections were both divided 
into fibers and different material properties were assigned to different fibers, including cover 
concrete, core concrete, and longitudinal reinforcement. The new ‘ConcreteSMA’ material model 
was utilized to describe the behavior of SMA confined concrete. Fig. 8.19(b) presents a 
comparison of the experimental and numerical overall load displacement relations of the SMA 
confined concrete column. The analytical model was able to capture the overall hysteretic behavior 
including strength, loading and unloading stiffness in each cycle. Fig. 8.19(c) and Fig. 8.19(d) also 
present the axial stress-strain relation of the outmost fibers in core and cover concrete at the column 
base [node N1 in Fig. 8.19(a)]. It shows that both the cover and core concrete experienced some 
plastic deformations, however the amount of plastic deformation was relatively small compared to 
the deformation capacity of SMA confined concrete. This observation is consistent with that of 
Shin and Andrawes (2011) who indicated that the cover concrete experienced some spalling while 
the concrete core sustained limited damage. 
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   (a)                                                                  (b) 
       
(c)                                                                         (d) 
Figure 8.19: (a) Schematic drawing of proposed model in OpenSees; (b) comparison of force-
displacement numerical and experimental results of SMA confined column; (c) core and (d) 
cover concrete numerical stress-strain relation of concrete at the outmost fiber of the column 
base. 
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8.6 PROPOSED MODEL VS. EXISTING CONCRETE MODELS 
 In Chapter 7, it has been proved that existing concrete models are incapable of simulating 
the stress-strain behavior of SMA confined concrete. This section presents a more comprehensive 
comparison between the proposed plasticity-based model and several existing concrete stress-
strain models (Mander et al. 1988b; Attard and Setunge 1996; Teng et al. 2007) for low, medium 
and high strength concrete. Mander et al. (1988b)’s model is one of the most commonly used 
concrete stress-strain models for traditional steel transversely reinforced concrete. Attard and 
Setunge (1996)’s model was developed based on triaxial test results for actively confined high-
strength concrete (60-130 MPa [8.7-18.9 ksi]). Teng et al. (2007)’s model was developed for the 
stress-strain relation of FRP confined concrete. The selection of existing models in this numerical 
experiment covers both actively confined concrete and passively confined concrete models 
(including steel transverse reinforcement and FRP confinement), with the aim of verifying the 
incapability of using existing models to predict and simulate the behavior of SMA confined 
concrete as well as demonstrating the importance of this work to develop a novel constitutive 
model for SMA confined concrete. In this numerical examination, a total of nine numerical testings 
(see Table 8.4) with three levels of concrete strength, 27.5 MPa (4 ksi), 41.4 MPa (6 ksi), and 55.1 
MPa (8 ksi), and three levels of active confinement, 1.37 MPa (0.2 ksi), 2.75 MPa (0.4 ksi), and 
4.13 MPa (0.6 ksi), were conducted on the proposed plasticity model and the above mentioned 
existing models. Fig. 8.20 compares the numerical axial stress-strain relations of specimens T1-
T9 among proposed plasticity model and the existing models. Note that since the ultimate strain 
of Mander et al. (1988b) and Teng et al. (2007)’s models depended on the steel and FRP wraps 
properties, which makes the ultimate strain calculated based on these models were not comparable 
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to the SMA confined concrete model, in the following comparison, the axial strain of existing 
models were plotted to the same ultimate strain as proposed SMA confined concrete model.  
 
Table 8.4: Characteristics of the nine numerical testing specimens 
Specimen T1 T2 T3 T4 T5 T6 T7 T8 T9 
Concrete Strength (MPa) 27.5 27.5 27.5 41.4 41.4 41.4 55.1 55.1 55.1 
Active Confinement (MPa) 1.37 2.75 4.13 1.37 2.75 4.13 1.37 2.75 4.13 
Active Confinement Ratio 0.05 0.1 0.15 0.033 0.066 0.1 0.025 0.05 0.075 
 
 In Fig. 8.20, all the stress-strain relation from Teng et al. (2007)’s model underestimated 
the SMA confined concrete results, because this model was developed for passively confined 
concrete (FRP confinement), and it is not able to take into account the effectiveness of active 
confinement. One can also see that none of these existing models was able to capture the plateau 
stage of SMA confined concrete once it reaches the stress plateau. Mander et al. (1988b)’s model 
had good agreement with the SMA confined concrete pre-plateau stage for specimens T1 and T2; 
while Attard and Setunge (1996)’s model had good agreement with the SMA confined concrete 
pre-plateau stage for specimens T4, T7 and T8. In general, Attard and Setunge (1996)’s prediction 
for high strength concrete in the pre-plateau stage is reasonably well. That’s because, Attard and 
Setunge (1996)’s model was developed particularly for high strength concrete. Fig. 8.20 also 
demonstrates that Mander et al. (1988b)’s model generally has a better prediction for the peak 
stress than other existing models. That’s because in Mander et al. (1988b)’s model, the peak stress 
prediction was developed based on a triaxial testing result that accounted for the three-dimensional 
stress state of concrete. However, although Mander et al. (1998b) and Attard and Setunge (1996)’s 
stress-strain models had acceptable results for some of the testing specimens, none of these models 
227 
 
was able to capture stress-strain behavior of SMA confined concrete for all the concrete strengths 
and confinement levels. Therefore, the proposed work is very significant for the understanding of 
SMA confined concrete as well as providing an analytical tool for modeling and simulating the 
stress-strain behavior of SMA confined concrete. 
 
     
(a)                                                                           (b) 
        
(c)                                                                           (d) 
Figure: 8.20: Comparison of axial stress-strain behavior from proposed plasticity model and 
existing models for testing specimens: (a) T1; (b) T2; (c) T3; (d) T4; (e) T5; (f) T6; (g) T7; (h) 
T8; (i) T9. 
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(e)                                                                           (f) 
       
(g)                                                                           (h) 
 
(i) 
Figure: 8.20 (continued). 
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8.7 CONCLUSIONS 
 This chapter presented a new plasticity-based constitutive model that can accurately predict 
the axial stress-axial strain and axial stress-lateral strain behaviors of SMA confined concrete. 
Experimental results presented in Chapter 6 were utilized to derive the proposed model. First, a 
dilation ratio model was proposed to model the axial-lateral strain relation. Then, the three 
components of a plasticity model—yield criterion, hardening/softening function, and flow rule 
were derived to capture the experimental results. A Drucker-Prager type yield function was used 
to describe the effect of deviatoric stress on hydrostatic pressure. Both the hardening/softening 
function and the dilation rate function were developed as functions of equivalent plastic strain, and 
both were able to capture the influence of concrete strength and SMA confinement on the shapes 
of the hardening/softening function and the dilation rate function. In addition, a damage parameter 
was derived based on the stiffness degradation of concrete during cyclic loading, which accounts 
for the stiffness degradation effect on concrete nonlinearity. Through comparing the experimental 
results with the model predictions, it was found that the proposed model was able to capture the 
stress-strain behavior of SMA confined concrete accurately including peak stress (0.2% error on 
average), axial stress at 2.5% strain (1.5% error on average), ultimate stress (2.8% error on 
average), ultimate strain (0.7% error on average), as well as the stiffness changes during cyclic 
loading. Hence, this plasticity model is deemed suitable to predict and simulate the 3-D stress-
strain behavior of SMA confined concrete. Further, an empirical stress-strain equation was 
developed with the aim of providing a more direct representation of the axial stress-strain behavior 
of SMA confined concrete, hence is most suitable for less advanced 1-D analysis. The proposed 
constitutive model for SMA confined concrete was validated using experimental data published in 
the literature on both material and component levels. Further, the proposed empirical model was 
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implemented into finite element program OpenSees as a new material model named 
‘ConcreteSMA’, which was validated using experimental results from previously tested SMA 
confined concrete column under lateral cyclic loading. Note that in the proposed model, the stress-
strain behavior of SMAs and concrete were not modeled separately, rather the proposed model 
describes the SMA confined concrete behavior as a whole (SMA + Concrete). Finally, it should 
be noted that this model was developed based on SMA confined concrete experimental results 
using a particular type of SMA, namely NiTiNb alloy. Further studies are needed to explore the 
feasibility of using this model for other SMA types.    
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CHAPTER 9 SUMMARY AND CONCLUSIONS 
  
9.1 SUMMARY 
 In the recent decades, the deteriorating infrastructures worldwide as well as structures built 
according to the old practices are in great need of retrofitting in order to improve its ductility and 
sustainability when subjected to major extreme events, such as earthquakes. Concrete confinement 
has been widely used in practice to improve the strength and ductility of concrete structures. 
Internal steel transverse reinforcement, external steel jackets, external fiber reinforced polymer 
(FRP) jackets are commonly used confinement techniques and have been proven as effective 
approaches to strengthen concrete structures. In recent years, an innovative concrete strengthening 
technique using shape memory alloys (SMAs) to provide active confinement was proposed and 
proved to be promising in seismic retrofitting of insufficient concrete structures, which is more 
efficient than traditional passive confinement techniques. With the aim of further investigating 
SMA confinement technique and promoting its application, this dissertation focused on: (1) 
studying the characteristics of different types of SMAs and exploring the feasibility of using more 
cost-effective Fe-based SMAs in the SMA confinement technique; (2)  establishing an innovative 
method to implement SMA confinement in non-circular concrete sections and validating its 
superiority by comparing it to conventional confinement technique; (3) exploring the feasibility to 
utilize internal transverse SMA spiral to reinforced newly constructed concrete elements; (4) 
investigating the SMA stress-strain behavior in depth through a comprehensive experimental 
program; (5) developing and validating a new constitutive model to predict and analyze the 3-D 
stress-strain behavior of SMA confined concrete. 
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 First, an experimental investigation examining the thermomechanical property of a novel 
and cost-effective Fe-29Ni-18Co-4Ti SMA was carried out. Proper heat treatment method was 
first investigated to produce suitable transformation temperatures for SMA confinement technique. 
Then, ten specimens using different heating approaches (torch heating and electrical resistivity 
heating with different heating temperatures and heating rates) were examined to find out an 
appropriate heating method to produce high enough recovery stress for SMA confinement 
technique. Then, the passive stress-strain behavior of Fe-29Ni-18Co-4Ti SMAs after stress 
recovery was also investigated. Moreover, thermal cyclic test was conducted to investigate the 
recovery stress stability of Fe-29Ni-18Co-4Ti SMAs under temperature variations. Lastly, the 
tensile behaviors after stress recovery of both NiTiNb and Fe-29Ni-18Co-4Ti SMAs were 
compared and analyzed. 
 Second, experiments involving investigation of practical retrofitting schemes to implement 
SMA confinement technique in non-circular concrete section were conducted. Two different 
retrofitting schemes were investigated. The first retrofitting scheme utilized four aluminum angles 
at the four corners of the concrete prisms and SMA wires were wrapped around the concrete prisms 
on top of the angles. In the second confinement scheme, the confining pressure was applied using 
steel tubes connected with straight SMA wires running perpendicular to the tubes. Both 
confinement schemes were tested under uniaxial compression and were compared with traditional 
non-circular concrete retrofitting schemes. Experimental results showed the second proposed 
scheme was much more efficient than the first one, and was able to effectively enhance the ductility 
of concrete structures and this experimental investigation verified the superiority of using SMA 
confinement technique in retrofitting non-circular sections.   
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 Third, an experimental investigation was conducted to investigate the feasibility of 
implementing SMA confinement in new construction applications. In this experimental program, 
a short square concrete column was designed, constructed with internal longitudinal steel rebars 
and transverse SMA spirals. The columns were tested under uniaxial cyclic compressive loading. 
In addition, traditional transverse steel confined concrete columns were designed to have the same 
lateral confining pressures as the SMA reinforced counterpart.   
 Fourth, an experimental program involving the testing of twenty 152.4 mm × 304.8 mm (6 
in × 12 in) SMA confined concrete cylinders was designed and carried out, aiming to investigate 
the effect of concrete strengths, SMA spiral pitches, active confining pressures, loading protocols 
and loading types on the behavior of SMA confined concrete. In this experiment, SMA confined 
specimens with concrete strength ranging from 30.5 MPa (4.43 ksi) to 55.4 MPa (8.03 ksi), and 
five different levels of spiral spacing with active confining pressures ranging from 0.91 MPa 
(0.132 ksi) to 3.92 MPa (0.569 ksi) were investigated. These specimens covered an active 
confinement ratio range of 0.025-0.129. NiTiNb SMA wires with diameter of about 1.8-2.0 mm 
(0.0708-0.0787 in) were selected in this experiment. SMA wires were wrapped around concrete 
cylinders and the active confinement was activated by heating using propane torch. Strain gauges 
were attached to both concrete surface and SMA wires in order to monitor the axial and lateral 
deformation of concrete. Uniaxial compressive tests were performed on these specimens under 
both monotonic and cyclic loading. Additional two steel confined concrete cylinders were also 
tested to compare with the SMA counterparts. Moreover, uniaxial tensile coupon tests were 
conducted on SMA wires in order to examine its uniaxial tensile properties. 
 Fifth, stress-strain behavior of SMA confined concrete in both axial and lateral directions 
were analyzed. Equations to predict the axial compressive strength of SMA confined concrete and 
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its corresponding axial strain, residual stress at 2.5% axial strain, ultimate strain, ultimate stress 
and dilation ratio were derived using regression analysis. Then, a SMA confined concrete plasticity 
model was developed and validated according to the experimental results within the framework of 
Drucker-Prager plasticity model, aiming to predict and simulate the 3-D behavior of SMA 
confined concrete. Friction angle, hardening/softening function, dilation angle function and 
damage parameter were derived to describe the behavior of SMA confined concrete. This proposed 
plasticity model was compared with the experiment conducted in this study in order to verify and 
examine its response. Moreover, a simplified 1-D constitutive model using empirical equation to 
predict the axial stress-strain relation was also derived with the aim of providing a more direct 
representation of the axial stress-strain of SMA confined concrete. The proposed constitutive 
model was validated by using experimental data published in the literature on both material and 
component levels. The proposed empirical model was also implemented into finite element 
program OpenSees as a new material model ‘ConcreteSMA’ and this new model was validated by 
simulating the behavior of a previously tested SMA confined concrete column under lateral cyclic 
loading. 
   
9.2 CONCLUSIONS 
 This research work has successfully resulted in the following main outcomes: (1) the 
feasibility and superiority of using Fe-based SMA in SMA confinement technique was examined 
and validated; (2) a new validated and effective approach was proposed to implement SMA 
confinement on non-circular concrete sections; (3) the feasibility of using SMA internal transverse 
reinforcement for newly constructed concrete structures was examined and proved; (4) better 
understanding of SMA confined concrete behavior in the material level through a comprehensive 
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experimental program; (5) constitutive model that can accurately predict and simulate the behavior 
of SMA confined concrete was developed and validated. In the following sections, the conclusions 
drawn for these five main outcomes are summarized and discussed below. 
 
9.2.1 Fe-based SMAs 
 Fe-29Ni-18Co-4Ti alloy possesses very promising and attractive features that can 
potentially be useful in civil structural applications, especially for SMA concrete confinement 
technique. The cost effectiveness of the studied FeNiCoTi alloy compared to other NiTi-based 
alloys is one of its greatest assets, which makes it even more promising for civil applications. The 
following conclusions can be drawn from the tests carried out on FeNiCoTi alloy: 
 Recrystallization at temperature of 1100°C for 10 minutes followed by aging treatment of 
600°C for 10 hours was found to be effective with FeNiCoTi alloy to obtain suitable 
transformation temperatures for SMA confinement technique.  
 The optimum residual prestrain of FeNiCoTi alloy was 5.5%; a heating temperature of 
380°C was sufficient to fully activate the recovery stress; and when fully activated, 
FeNiCoTi alloy possessed a recovery stress of 416 MPa (60.3 ksi) at room temperature.  
 Heating methods, heating rates and heating protocols did not affect the recovery stress.  
 Thermal cyclic tests conducted on FeNiCoTi alloy between 40°C and -10°C showed an 
average recovery stress of 456 MPa (66.1 ksi) and the reduction of recovery stress due to 
temperature changes was minor.  
 Active recovery stress and passive stress-strain behavior of FeNiCoTi alloy were not 
affected by re-heating the material, which allowed the material to retain its functionality 
through re-heating after being subjected to excessive deformation. 
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 Compared to NiTiNb alloy, FeNiCoTi alloy exhibited a much higher initial elastic modulus 
and remained linear elastic up to a stress of 668 MPa (96.9 ksi), which allowed the 
specimen to behave elastically at the beginning of loading without plastic strain 
accumulation.   
 
9.2.2 SMA Confinement Implementation in Non-Circular Sections 
 Experimental investigation conducted in this study has shown that this innovative SMA 
confinement implementation in non-circular concrete elements using SMA wires is promising and 
the new technique clearly demonstrates effectiveness of SMA confinement in delaying the damage 
and dilation of concrete, which helps significantly improve the ductility of non-circular concrete 
members. The experimental results of the SMA confinement schemes studied yielded the 
following conclusions: 
 SMA confinement using aluminum angles attached to the four corners and SMA wires 
wrapped on top of the angles was found to be less effective to limit the damage and dilation 
of concrete than the retrofitting scheme with hole-drilling. 
 SMA confinement using internal bidirectional confinement with drilled holes helped in 
preventing possible bending of steel tubes and distributing the confining pressure more 
uniformly.  
 SMA confined prisms with drilled holes and 30.5 mm (1.2 in) layer spacing, having an 
active confining pressure of 1.7 MPa (0.247 ksi), showed a residual stress of 45%-64% of 
peak strength and was able to reach 0.074 mm/mm axial strain under both monotonic and 
cyclic loading. 
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 The dilation of SMA confined specimen was hindered by the active confinement applied 
prior to loading. SMA confined specimen in this study sustained lateral strain equal to 53% 
of that of FRP confined specimen and 19% of that of unconfined specimen, which indicated 
that SMA confinement was more effective in delaying concrete dilation than FRP 
confinement. 
 Less stiffness degradation was observed in the cyclically loaded SMA confined specimen 
when compared to FRP confined specimen. 
 
9.2.3 Internal Transverse SMA Reinforcement 
 An experimental investigation was conducted to investigate the feasibility of using SMA 
confinement for newly constructed concrete structure, aiming to extend the application of SMA 
confinement. Based on the experimental results, the following conclusions can be drawn: 
 Axial strain at the first longitudinal rebar buckling for Internal-Steel-1, Internal-Steel-2 and 
Internal-SMA-1 specimens were 2.95%, 4.31% and 5.52% respectively. Compared to the 
traditional steel transverse reinforcement, SMA reinforcement can effectively delay the 
buckling of longitudinal rebars. 
 The axial stress of Internal-Steel-1, Internal-Steel-2 and Internal-SMA-1 specimens at 
5.5%-strain (the strain where the first SMA spiral fracture occurred) were 26.0%, 9.9% and 
66.7%, respectively of their peak stresses. Hence, compared to traditional steel transverse 
reinforcement, SMA reinforcement can significantly mitigate concrete strength 
degradation under cyclic loading.  
 Using SMA transverse reinforcement with volumetric ratio less than 50% of that of steel 
reinforcement can effectively delay the buckling of longitudinal rebars under cyclic loading 
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by more than 1%-strain as well as reduce strength degradation by more than 150%. 
 Using SMA spirals as internal transverse reinforcement in RC structures has proven to be 
a very promising technique to improve the strength and ductility and to mitigate the damage 
sustained by RC structures prone to extreme cyclic loadings such as earthquakes. Hence, 
it is worthy of further experimental and numerical investigation on this technique in order 
to fully understand its behavior. 
 
9.2.4 SMA Confined Concrete Behavior 
 A comprehensive experimental program was conducted to investigate the behavior of SMA 
confined concrete. Based on the experimental results, the following conclusions can be drawn: 
 The effectiveness of SMA confinement on concrete strength and ductility enhancement 
increases as active confining pressure increases.  
 Based on the test results of this study, the effect of SMA confinement was observed under 
an active confining pressure as low as 1.23 MPa (0.178 ksi).   
 Based on regression analyses, this study was able to produce empirical equations for 
predicting the peak stress and the corresponding peak strain, residual stress, ultimate stress, 
and ultimate strain of SMA confined concrete.  
 Residual stress of SMA confined concrete was found to be independent of concrete strength 
and only a function of active confinement level.  
 Ultimate strain of SMA confined concrete increases as the ratio between the residual stress 
and peak stress of SMA confined concrete increases. 
 The stiffness of SMA confined concrete logarithmically decreased as axial strain increased, 
and under the same active confining pressure, SMA confined concrete exhibited the same 
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stiffness degradation pattern, regardless of the concrete strength. 
 When comparing the behavior of concrete confined with SMA spirals under monotonic 
and cyclic loading, the monotonic stress-strain curve was found to be the envelope of the 
cyclic stress-strain curve. 
 Compared to steel confinement, SMA confined specimens with 19.07 mm (0.75in) and 
12.7 mm (0.5 in) spiral pitch show 7%-8.7% higher peak stress and 110.6%-134.9% larger 
ultimate strain. Therefore, SMA confinement is more effective in enhancing concrete 
strength and ductility compared to traditional steel confinement. 
 
9.2.5 SMA Confined Concrete Constitutive Model 
 SMA confined concrete plasticity model was derived and validated within the framework 
of Drucker-Prager yield criterion to predict and simulate the three-dimensional constitutive 
behavior of SMA confined concrete. An empirical axial stress-strain model was also derived and 
validated for one-dimensional analysis. The following conclusions can be drawn from this study: 
 A dilation ratio model was proposed to model the axial-lateral strain relation. This model 
was validated using experimental results from this study and it can closely simulate the 
SMA confined concrete dilation properties.  
 The three components of a plasticity model—yield criterion, hardening/softening function, 
and flow rule were derived to reflect the SMA confined concrete behavior. A Drucker-
Prager type yield function was used to describe the effect of deviatoric stress on hydrostatic 
pressure and a frictional angle value was calculated based on the experimental results from 
SMA confined concrete. Both hardening/softening function and dilation rate function were 
developed as functions of equivalent plastic strain and both were able to reflect the 
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influence of concrete strength and SMA confinement on the behaviors of the 
hardening/softening function and dilation rate function.  
 A damage parameter was derived based on the stiffness degradation of concrete during 
cyclic loading, which accounts for the stiffness degradation effect on concrete nonlinearity 
in the proposed constitutive model.  
 Through comparing the experimental results and the proposed plasticity model prediction, 
in general, the proposed model is able to capture the stress-strain behavior of SMA 
confined concrete accurately including peak stress (0.2% error on average), axial stress at 
2.5% strain (2.5% error on average), ultimate stress (2.8% error on average), ultimate strain 
(0.7% error on average), as well as the stiffness degradation during cyclic loading.   
 A simplified axial stress-strain equation was proposed to describe the axial stress-strain 
relation of SMA confined concrete, which is easy to use and apply on one-dimensional 
analysis. The accuracy of this simplified model is comparable to the proposed plasticity 
model in the axial direction. 
 The empirical axial stress-strain equation was validated by implementing into OpenSees 
as a new material model ‘ConcreteSMA’ and simulating the behavior of a previously tested 
SMA confined concrete column. With the proposed constitutive model, OpenSees was able 
to predict the behavior of SMA confined concrete closely. 
 Caution should be taken when applying the proposed 3-D plasticity model in 3-D finite 
element analysis, since damage simulation can be mesh-dependent. 
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9.3 RECOMMENDATIONS FOR FUTURE RESEARCH 
 Additional areas of research needed in the topic of SMA confinement application were 
identified throughout this study and are summarized as follows: 
 This study has proven the feasibility of using Fe-based SMA in the SMA confinement 
technique through thermomechanical testing of this material. There is a need for further 
research to validate its application experimentally and numerically through actually 
applying this material in the form of wires to wrap and confine concrete structures. 
 This study has proven the feasibility and superiority of using SMA confinement for non-
circular sections. However, this proposed retrofitting scheme involved hole drilling, which 
first, could induce damage to concrete during the installation process, and second, would 
be very challenging to execute when there is internal reinforcement in the concrete 
structures. Therefore, the SMA confinement scheme for retrofitting non-circular concrete 
elements needs to be improved. 
 Although the SMA confinement scheme using four aluminum angles for the retrofitting of 
non-circular concrete section was found to be less effective, this scheme can be improved 
by adding additional material/steel plates between the angles to help the concrete and SMA 
wires remain in contact and hence to distribute the confining pressure more evenly, so as 
to limit/delay the concrete damage. 
 Research in this study has experimentally investigated and proposed implementation 
approach to apply SMA confinement technique to retrofit square columns on the material 
level. Research is still needed on component and system levels to further verify this 
technique. 
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 Application of SMA confinement to rectangular sections is still lacking. The scheme 
proposed in this study for square sections may be extended to rectangular sections. 
However, this needs to be validated experimentally and numerically. 
 This research has proven that using SMA confinement in newly constructed concrete 
structures is very promising and more experimental testing is needed to comprehensively 
study the behavior of SMA internally reinforced concrete, in order to further extend the 
application of SMA confinement technique to new structures. 
 The bond-slip behavior of reinforcing bars in concrete confined with SMA spirals needs to 
be studied experimentally and numerically. 
 Although the level of confining pressure (lateral prestress) in SMA confinement is much 
less than that in typical prestressed concrete, hence the creep effect on SMA confined 
concrete is expected to be minor, further research is needed to examine the effect of creep 
on SMA confined concrete. 
 The proposed three-dimensional plasticity model was developed and validated based on 
SMA confined concrete cylinder test results. Validation of this proposed constitutive model 
need to be carried out for other shapes of concrete structure, and also include the effect of 
internal longitudinal rebar buckling, slippage between concrete and longitudinal 
reinforcement, and crack propagation.  
 The experimental effort on SMA confined concrete structures on the component level and 
system level is still very limited. There is a need for more studies in this area under different 
loading types. Besides, field testing is still needed to investigate the performance of SMA 
spirals under realistic climate and loading conditions.  
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